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Abstract

Datadistribution is animportantstepin implementationof any parallelalgorithm.
The data distribution determines data traffic, utilization of the interconnection net-
work andaffectstheoverall codeefficiency. In recentyearsanumberdatadistribu-
tion methods have been developed and used in real programs for improving data
traffic. We use some of the methods for translating data dependence and affinity
relationsinto datadistributiondirectives.Wedescribeanautomaticdataalignment
andplacementtool (ADAPT) which implementsthesemethodsandshow it results
for some CFD codes (NPB and ARC3D). Algorithms for program analysis and
derivation of data distribution implemented in ADAPT are efficient three pass
algorithms. Most algorithms have linear complexity with the exception of some
graph algorithms having complexity O(n4) in the worst case.
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K+L+M NPOQ RTS�UPVWOXYRTN
Z\[^]_]a`^bdcfe	gih_j�[lkmk�e	neo]�e	p@`rqsnth_uwvsb=`rx�[zyavs[^b|{|`^b|u}e	gi~ [�`^{�eovae	b=e	]_]_[^]svsbd`^�

c�b=e	u}�C��e	ne�]�`^~We	nGh�`^g�e	g�k�e	~�~ [zyCy�vae	n�nG[^b|g�yae	{�{�[^~�n�nG�+[�e	u}`^q�gint`r{�~F`ruwuwqsg+h_~Fe	�
nGh�`rg�y�h_g\nG�+[�vsb=`lcrbde	uw�a[^{�{�[r~�nGh_x�[^g+[lyCy�`r{�nG�+[�~Fe	~��+[^��uw[^u}`rbp�~ ��e	g+g+[r]-e	gTk
~F`ruwuwqsg+h_~Fe	nGh�`rg�g+[^nG��`rb�*����e	neEnGbde	{�{�h_~avs]�e	g+g+h_gTcP��e�y+h_uwva`^b|ne	g+nl{|`^b�cfe	h_gih_gTc
vs[rb{|`^b|u}e	g+~�[�`r{zx�[^~�n|`^b�e	gTk���������u}e	~��+h_gi[ly��=h_nzh�yty�nGh_]_]FhHuwva`rbn|e	ginz{|`^b�~ ~����-�
�}��u�e	~ �+hHg+[lyte	gTk���h_]_]��f[�u}`^b|[�~�bh_n�hH~We	]�{|`rb�u}e	~��+h_g+[zy���hHn���kz[r[^vs[rb�uw[^u}`rbp
�+h_[^bde	b~��+p*�

  bd`^~ [zyCy�h_gTc�kz[^vs[rgTkz[rginTk�e	ne¡h_nG[ru}y�b[l¢�qsh_b|[zy�nG�+[£h_nG[^u}y�n`£�l[£]�`ze�kl[zk¤h_gin`
nG�+[£yCe	uw[avsbd`^~ [zyCyC`^bTe	nWnG�+[£yCe	uw[�nGh_u¥[l����e	ne¡kl[^vs[rgTkz[^g+~ [£e	gTk¤k�e	ne*]�e	p*`^qsn+kl[^�
nG[rbuwh_g+[�nG�+[¥k�e	ne¦nGb=e	{�{�h_~�e	nEnG�i[§[^¨W[^~ qsnGh�`rg©nGh_uw[z�Wª@�i[�xt`r]_qsuw[¥e	gTk�y�vs[^[lk�`^{
k�e	netnGbde	{G{�h_~�~Fe	g��l[o`rvsnGh_uwh_j�[zko�lp«e	vsvsb=`rvsbh�e	nG[oe	]_h�c�g+uw[^g+n�e	g�k�klh�y¬n�bh_�lq�nGh�`^g�`^{
nG�+[k@e	ne��

��g®u}e	gip¯e	vsvs]_h_~Fe	nGh�`rg�y±°²hHg+~ ]_qakzh_gTc´³-`ruwvsqsne	nGh�`rgTe	]¥µf]_qsh�k¶�-pfgTe	uwh_~Fy
°²³�µf��·-`^g¸y�nGbq�~�nGq�b[zk¹c�bh�k�yC·�nG�+[�k�e	ne�kl[^vs[rg�kl[^g+~�[lyºe	b[»��[^]_]¤y�nGb|qs~�nGq�b[lk��
¼ qs~ �½kz[^v�[^gTkz[rgi~ [zyP~Fe	g��f[�[r¨Wvsb[lyCy�[zk��fp¾y¬n�bqs~ nGqsb|[zk�e	{G{�h_g+h_nGpmb[r]�e	nGh�`^gTyP�f[^�
nG��[r[^g�e	bbde	p@y�e	gTk~Fe	g��f[¿nGbde	g�y�]�e	nG[lkh_g+n`¿À   µº°²À�h�c��   [^b|{|`^b|u�e	g+~ [¿µ*`^b|nGb=e	gT·
k�e	neme	]_h�c�giuw[rg+n�e	g�kÁk@e	ne©klh�y�nGbh_�lq�nGh�`^gÂy�ne	nG[^uw[rg+nyC���-[rbh_x�[zkÃh_g\nG�+h�y¦��e	pf�
k�e	ne¿kzh�y�nGb|h_�lqsnGh�`rgTyi~F`rg+x�[^bnlnG�+[Ävsbd`zc�b=e	uÅh_g+n`¦ePk@e	neTvae	bde	]_]_[^]W{|`^b|uÆ��h_nG����[^]_]
`rb=cfe	gih_j�[lk�k@e	ne¡nGb=e	{�{�h_~F�

��g}n��ih�y¿vae	v�[^b¦��[�vsb|[zy�[rgin¦e	g}Ç-qsn`ru}e	nGh_~§È�e	ne§Ç¦]_h�crg+uw[rg+n�e	gTk¾É.]�e	~ [^�
uw[^g+nËÊ¿`l`^]l°²�-�-�   ª�·Ëkz[ly�h�crg+[lk¤e	g�k£h_uwvs]_[ruw[^g+nG[lk£n`a{|e	~�h_]_h_ne	nG[a~W`^g+x�[^bdy�h�`^g�`^{
³�µf�\~F`lkz[ly+n`�À   µ@��ª��+[�n`l`^]Ë��e�yTy�qs~ ~�[zyCy�{�qs]_]_p�e	vsvs]_h_[zk-n`-eEg+q�uw�l[^b�`r{f³�µf�
~F`lkz[ly¬�sh_g+~�]_q�kzh_gTc���� ¼   e	b=e	]_]_[^]�Ì@[^g+~��+u}e	b�*y-°²�   Ì�·²�aÍ²Î�Ï²�ae	gTk��-Ða³ J �-�aÍ²Ñ�Ï��
�-�-�   ª§h_uwvs]_[^uw[rg+ny*e�giq�uw�l[^ba`r{.�fgT`^��g�k�e	neÄklh�y¬n�bh_�lq�nGh�`^g�n�[^~��+g+h�¢�qs[ly*°�y�[r[
¼ [^~ nGh�`^g�Ò��'·²��h_g+xt`^]_x�h_gTc£u¥[ru}`^b|pn�b=e	{�{�h_~¡b|[zkzq�~�nGh�`rg§x�h�eok@e	neokzh�y�nGbh_�fqsnGh�`rgw`rvsnGh_�
uwh_j�e	nGh�`^gT�FZ\[�y�ne	b|n�{�b=`ruÓnG�+[¤vsb=`lc�b=e	uÓu}`lkz[^]¡e	g�kÔe	g�h_g+nG[^b|gTe	]�b[rvsb[ly�[^g+ne	�
nGh�`rg�`r{+n��i[ovsb=`lcrbde	u}��ª��+[^g���[�e	g�e	]_pfj�[£nG�+[¤e	b|b=e	pwe	{�{�h_g+hHn�p¥`rg�nG�+[o]¬`l`^v�]_[rx�[^]_�
g+[zy�nz]_[^x�[r]�e	gTk�b=`rqsnGh_g+[Ä]H[rx�[^]ie	gTk«y¬�T`r�Õ��`r�Õn`�nGbde	g�y�]�e	nG[ÄnG�i[¦e	{�{�h_gih_nGp-b[r]�e	nGh�`^g
h_g+n`�À   µ§k@e	netu}e	vsvsh_gTc�klh_b[r~�nGh_x�[zy*e	gTk�kzh�y�~�q�yCyfh_ginG[rbvsbd`^~ [zkzq�b=e	]fk�e	n|eÄkzh�y�nGbh_�
�lq�nGh�`^gTyC��ª��+[rgÖ��[Ô~F`ruwvae	b[�nG�+[\k�e	ne�u}e	vsvsh_gTc½klhHb|[^~ nGh_xf[ly¥c�[rgi[rb=e	nG[lk\�lp
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�-�-�   ª×��hHn��¯k@e	ne½u}e	vsvsh_gTclyÔqay�[lkØh_gÙÀ   µÚxf[rb=y�h�`^gTy\`r{��   Ì I � J e	gTk
�-Ð�³ J ����Z\[Ä~F`rg+~�]_qakl[ÄnG�+[�vae	vs[^b*��h_nG�¥e¿y�qsbx�[rp�`r{f[^¨Wh_nGh_gTc�k�e	ne¿klh�y¬n�bh_�lq�nGh�`^g
uw[^n���`lk�y���~F`rg+~�]_qay�h�`rg�y���e	gTk¤vs]�e	g�y�{|`rb�{�qsn�qsb[£��`^b|�*�

Û L+ÜPQ RTÝTQ Þ+ß àáR�SPâ+ã
�-�-�   ªäe	gigT`rne	nG[lytµfå�Ðaª@Ða���Åvsbd`zc�b=e	u}y���h_nG�Ôk�e	nePn�b=e	{�{�h_~`rvsnGh_uwh_j�hHgTc

k�e	ne§e	]_h�c�giuw[rg+nÄe	gTk»klh�y¬n�bh_�lq�nGh�`^gäkzh_b[r~�nGh_x�[zyo°²��[��h_]_]sq�y�[nG�+[��`rb=k»æ	u}e	vs�
vsh_gTcfç�n`¦b[r{�[^b�n`¦�@`^nG�Ôkzh_b|[^~�n�h_xf[lyC·�e	gTk«��h_nG�ºÀ   µ�h_gin�[^b{|e	~ [��l]�`r~��*yC�=���-�   ª
h_gTy�[^b|nyPklh_b[r~�nGh_x�[zyE[^h_n��i[rb�h_uwuw[lkzh�e	nG[^]_p��l[r{|`^b|[-]�`l`^v�g+[zy�ny¿`rb��f[^{|`rb[-nG�+[�{�h_b=y�n
[^¨W[r~�q�ne	�l]_[�y¬n|e	nG[^uw[rginth_g}e¤y�qs�fb=`rqsnGh_g+[z�rª@�+[zy�[�kzh_b|[^~�nGh_x�[ly¿k�`�gT`^n�e	{�{�[r~�n*~W`^g+�
nGbd`^]F{�]�`r�Ø`^{fnG�+[�vsbd`zc�b=e	u®`^gºy�h_gTc�]_[�vsbd`^~ [zyCyC`^bd�|ª@�i[¦klhHb|[^~ nGh_xf[ly��d�T`^��[rx�[^b|�d~Fe	g
�Te	x�[§y�h¬kl[�[^{�{�[r~�nyÄ`^g�vae	b=e	]_]_[r]fu}e	~��+h_g+[zyth_{sv�b=`^~ [zyCyC`^bdy�e	b|[�gT`^nay�pfgi~ �+b=`^g+h_j�[lk
�l[r{|`^b|[�e	gTk¥e	{�nG[rbEnG�+[�[^¨W[r~�qsnGh�`rgm`^{snG�+[�Ðaè��-é@��ê¦�áe	g�k§Ðaè��-� ¼ ª@Ða��Ì��-ª@è�°�y�[r[
Í�Í � Î�Ï�Ï�·Ekzh_b[r~�nGh_x�[zyC�FZ\[¤��h_]_]¡e�yCy�qsuw[¤n���e	nTnG�+[�vsb=`lcrbde	uÓh�y¡~F`ruwvsh_]_[zkº��h_n��äe	g
À   µ±~F`ruwvs]_h�e	gin�~W`^uwvsh_]_[rb��l[r{|`^b|[Ô[^¨W[r~�q�nGh�`^gÅe	gTk\nG�Te	n�nG�+[Ôvsbd`^~�[lyCyC`^b=y§h_g+�
xt`^]_x�[lkh_g«n��i[£[^¨W[r~�q�nGh�`^g�e	b[¤y�plg+~��+bd`^g+h_j�[zk¤�l[r{`rb[¤e	gTk�e	{�nG[rb�Ðaè���é���ê��ëe	gTk
Ðaè��-� ¼ ª�Ð���Ì���ª�èÔkzh_b[r~�nGh_x�[zyC�

µ*`^b�e	gTe	]_p@y�h�y¦e	gTk�nGb=e	gTy�{|`^b|u}e	nGh�`^g»v�qsbva`ly�[zy��Ee�µlåÐaª�Ð��-�®vsb=`lc�b=e	uìh�y
b[rvsb[ly�[^g+nG[lk-�fp~F`^g+nGbd`^]sea{�]�`^�ícrbde	vs�wÍ � Ï���ª@�+[Pg�`lkz[lyE`^{inG�+[-c�bde	vs�§b[rvsb[ly�[^g+n
vsbd`zc�b=e	uî�*e�y�hH~T�l]�`r~��*y*°²Ì�Ì�·ze	gTk�e	b~Wyfb[rvsb[ly�[^g+nËva`lyCy�h_�l]_[�n�b=e	gTy�h_nGh�`^gTyf�f[^nG��[r[^g
Ì�Ì¡��ª��+[oyC`^q�b~�[�vsb=`lc�b=e	u´��h_]_]r�l[�vae	bdy¬[lk£h_g+n`oe*~F`rg+nGb=`r]r{�]�`^�¸c�b=e	v���e	qac�uw[^g+nG�
[zk���h_nG��vae	b=y�[onGb[r[zy@{|`rbT[le	~��©y�ne	nG[^uw[rg+n���-�-�   ªºu}`lkzh_{�h_[zy@n��i[o~F`rg+nGb=`r]l{G]�`r�
c�b=e	vs��{�b=`ruÚ���+h_~���nG�+[¿b|[zy�qs]_nGh_gTc�e	g+gT`^ne	nG[lkvsbd`zc�b=e	uÚ��h_]_]z�f[c�[^g+[rb=e	nG[lk��

Z\[«b|[^{|`rbuwqs]�e	n�[«nG�+[�kl[^{�h_g+h_nGh�`^g\`^{�kl[^vs[rgTkz[^g+~�[��l[rnG��[^[rg\crbde	uwu}e	b�e	nG�
nGb|hH�fqsnG[lya�fpÔyCe	pfh_gTcºæ�k@e	neoh_nG[ruðïwkl[^vs[rgTk�yo`^gäk�e	ne�h_nG[ru×ñ«h_{Txte	]_qs[�`r{tï�kl[^�
vs[rg�k@y�`^gäxte	]_qs[Ô`r{�ñtò«°�y�[^[ÔÍ � ÏTva� I Ñ�Î��%·�����{Pn��i[Ôk�e	n|e§h_nG[^u}y�e	b|[»kl[^{�h_g+[zkÔ�lp
xte	bh�e	�l]_[lysóôe	gTk�õ�b[ly�vs[^~�n�hHx�[r]_pl�F��[yCe	p�nG�Te	n�æCóÕkz[^v�[^gTk�y�`rg�õ£ò��	��{ióÕe	gTk�õ
e	b[¦e	bbde	p*y¬�^��[�~We	]_]FnG�+[�y�[rn�`r{lvae	h_b=y�`r{@kz[rvs[^gTkz[rg+n�e	bbde	p-[^]_[ruw[^g+ny�æCö5÷H÷^øúùføHûüñý%þÿ
� öWû�ø��Fù��þ=û��Tþþ=ù-óîe	gTk�õ£ò��^ª@�i[�e	{G{�h_g+h_nGp�b[^]�e	n�h¬`rgº~We	gº�f[¦nGb=e	gTy�]�e	nG[zk�h_g+n`�e	bb=e	p
e	]_h�c�giuw[rg+n�tª��+[�e	vsvsbd`^vsb|h�e	nG[�kzh�y�nGb|h_�lqsnGh�`rg¸`r{�e	]_h¬c�g+[zk¹e	b|b=e	p*y�b[zklqs~�[ly�nG�+[
k�e	ne¡u}`rx�[^uw[rgin+vs[^b|{|`^buw[lk�fp¤nG�+[£vsb=`lc�b=e	u}�
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��g¦n��ih�y@y�[r~�nGh�`^g-��[�~F`rgTy¬h�kl[^b�nGb=e	gTy�]�e	nGh�`^g�`r{�k�e	ne�kl[^vs[rgTkz[^g+~�[o`rg¦n��i[�]�`z`rv

]_[^x�[r]rh_g+n`�k�e	neÄe	]_h�c�giuw[rg+n�Yé�`l`^v¤]_[^x�[r]fe	]_h¬c�g+uw[^g+nËh�y*kz[rbh_x�[zk�{�b=`^uînG�+[�ö5÷ú÷røúùføúû²ñ
ýGþ � öFû�ø��Wù¦�l[^n���[^[rgme	bb=e	p*y*b|[^{�[rb[rgi~ [zk§h_g�nG�+[�]�`z`rvs�+e	gTk�n��i[�]�`l`^v��PöFû²ö���ýGöFù��'÷�þ ý
� ý%ö����«°²�¦ª@ê�·��

� ÷ú÷^øHùløHû²ñ�ýGþ � öFû�ø��Fù��=µ*`rb¿eÄvae	h_b£`^{ae	b|b=e	p*y*qay�[lk�h_g�nG�+[�yCe	uw[�]�`z`rvÔy�ne	nG[ruw[^g+nG�
��[}kl[^{�h_g+[wnG�+[}e	{�{�h_g+h_nGpÃb|[^]�e	nGh�`rgÕe�y�e�~F`^b|b[ly�va`^gTkz[rg+~�[w�f[^nG��[r[^g¹e	bbde	pÃ[r]_[^�
uw[^g+nytb[r{�[^bb|[zk§��h_nG��nG�+[�yCe	uw[�xte	]_qs[§`r{snG�+[�]�`l`^v¥h_g�kl[^¨+�=é�[^nae	bbde	p*y

a
e	gTk

b
e	b[�e	~�~�[lyCy¬[lk-��h_nG�§h_g�kl[^¨�{�qsg+~�nGh�`rgTy

idxa
e	gTk

idxb
b[zy�vs[r~�nGh_x�[^]_p*��ª��+[-e	{�{�h_g+�

h_nGp�b[r]�e	nGh�`^g�~Fe	g��l[£b[rvsb[ly�[^g+nG[lk�e�y�e¡]_h�y�n�`^{Tkz[rvs[rg�kl[^g+nivae	h_bdy �

     do i=1,n
       a(idxa(i))=b(idxb(i))
     end do
c    Aff(a,b)={(idxa(i);idxb(i)), i=1,...,n}

��{@nG�+[^b|[«e	b[�uwq�]_nGh_vs]_[«e	bbde	p@y�h_g�nG�+[«y�ne	nG[ruw[^g+nG�.nG�+[^gº{|`^b�[le	~���v�e	h_bo`^{¡e	bb=e	p*y��
y�qs~ ��b[^]�e	nGh�`rg�[^¨Wh�y�nyC� ¼ h_uwh_]�e	b]_pf�ie�~F`rg+nGb=`r]@kz[rvs[^gTkz[rg+~�[ob[zy�q�]_ny@h_g©e	{�{�hHg+h_nGp§b|[^�
]�e	nGh�`^gTyf�f[^nG��[r[^g�nG�+[�e	bbde	p@yfh_g+xt`^]_x�[lkoh_g�nG�+[¡~F`^g+nGbd`^]fy�ne	nG[ruw[^g+n�e	gTk§e	]_]fe	bb=e	p*y
h_g�[ze	~ �«Ì@Ì�h_uwuw[zklh�e	nG[^]_p¥k�`ruwh_g�e	nG[lk�fp¤nG�+[¤y�ne	nG[^uw[rg+n�

��öWû²ö!��ýGöFù��ü÷�þ=ý � ýGö"���$#%� è�e	~���xte	bh�e	�f]_[£qay�[lk¤h_g�nG�+[£]�`l`^v�h�y@b[rvsb[ly�[^g+nG[lkºe�y
e�gT`zkz[oh_g��-ª@ê«����y¡y��T`^��g�h_g�µlh�c�qsb|[ � �FnG��`£gT`lkz[ly�e	b|[£~F`rg+gi[r~�nG[lk¤�lpwe	g�e	b|~
h_{�nG�+[�xte	]_qs[«`^{�n��i[�{�h_b=y�n�x*e	b|h�e	�l]_[�h�ytqay�[lk§{|`rba~W`^uwvsq�ne	nGh�`^g»`r{�nG�+[«y�[^~F`rgTkw°²h_g
`rnG�i[rb���`rb=k@y¬�@e¤k@e	ne£hHn�[^u kz[ly�~�bh_�f[zk��fp�nG�+[�y¬[r~F`rg�k�x*e	b|h�e	�l]_[�kl[^vs[rgTk�y¿`^g}e
k�e	ne�h_nG[ru kl[zy�~�b|h_�l[lkº�lpwnG�i[�{�h_b=y�n·��FZ\[ºe	g+gT`^ne	nG[�[ze	~��©�-ª�êÙe	b~¦~F`rg+g+[^~�n�hHgTc
nG��`�e	bbde	p*yE��h_nG�}e	g}e	{�{�h_g+h_nGp�b|[^]�e	nGh�`rgw�l[rnG��[r[^gwnG�+[�e	bbde	p*y���µ*`^b¦e	bbde	p � e	gTk
e	g+p�`^{sh_ny�e	gi~ [zy�n`rb'&§h_g�nG�+[o�-ª@ê¸e	gme	{�{�h_g+hHn�p§b|[^]�e	nGh�`rg��f[^nG��[r[^g � e	g�k�&§~Fe	g
�l[¥h_g+{�[^bb|[zk��lp±e	vsvs]_pfh_g�cwnG�+[ºö5÷ú÷røúùføúû²ñ)(*��öFøHù�ý,+ � þ�e	]�`^gTcw[ze	~ �ôkzh_b[r~�nG[lkÔvae	nG�
{�b=`ru-&¤n` � �
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/_0���#%8'��//.�/1010 �s!�#�� #%��<t�"�i0�BC��!�<t0z�����	8'� #G!����32t!��"��Ai0��'0z;����425.i/1010 �32*����/H�Ë�	��<=��#
0�/H�60 /H����/_0�D�#%�'0��"��Da���	�'#%$12*!��"�*#%�'0��"��Da���	�"#87�0��	<:9E�����	�������"��<
;r�s0��*0�/H�W!�8	0�B�0�/1!�0<;r���l0�#%#%!�������<�!��*)
!�#F� #%��<T!��=9d�



>

?A@CB!DFEHG�IKJ ��e	ne¡ªËb=e	gTy�{�[^bTê�bde	vs��`r{+h_g+nG[^b|gTe	].]�`l`^v»`^{
xf[r~�n`rbh_j�[lk�e	qsn`lyC`^b|nGh_gTc£µfµfª�{�b `^uÚµfª��f[^g+~��+u}e	b|�@�

�$��þ � ÷ú÷^øHùløHû²ñML3��öFøúùONP+ � þK��³-`rg�y�h�kl[^b�n���`y�ne	nG[ruw[^g+ny�h_g�e¡]�`z`rv

do i=1,n
  b(idxb1(i))=c(idxc(i))

!Aff(b,c)={(idxb1(i);idxc(i))}
  a(idxa(i))=b(idxb2(i))

!Aff(a,b)={(idxa(i);idxb2(i))}
end do

ª@�i[£~��Te	h_g�bYq�]H[£{|e	~�h_]_h_ne	nG[ly�nG�+[¿[^¨Wv�b�[zyCy�h�`^g�`r{Te	{RQsg+h_nGp�b�[^]�e	n�h¬`rg�{|`^bTh_g�klh_b�[^~ nG]_p
kz[rvs[^gTkl[^g+n�e	bbde	p*y �

 Aff(a,c)={(idxa(i);idxc(j)),
j = max{J: J<=i,idxb1(J))=idxb2(i)}}

ª@�i[�{|`^]_]�`^��hHgTc¦[^¨+e	uwvs]_[�{�q�bnG�+[^b�h_]H]_q�y�nGb=e	nG[ly*�T`r�Æn|`�h_nG[^bde	nG[§e	{�{�h_g+h_nGp«b|[^]�e	�
nGh�`rg�y%�

do i=1,n
  c(idxc0(i))=d(idxd(i))

!Aff(c,d)={(idxc0(i);idxd(i))}
  b(idxb1(i))=c(idxc(i))
  a(idxa(i))=b(idxb2(i))
end do
  Aff(a,c)={(idxa(i);idxc(j)),
      j = max{J: J<=i,idxb1(J))=idxb2(i)}}
  Aff(a,d)={(idxa(i);idxd(k)),
      k=max{K: {K<=i, idxc0(K)=idxc(j),
     where j = max{J: J<=i,idxb1(J))=idxb2(i)}}

ª@�i[¥e	{�{�h_g+h_nGpw~��Te	h_g©b|qs]_[��+[^]_vay¡n|`¤~W`^uwvsq�nG[�nG�+[¤~ ]�`zy�qsb|[¥`^{¿e	{�{�h_g+h_nGpwb|[^]�e	�
nGh�`rg�yE`rg¥ea]�`l`^v��-ª@ê«����{te	vsvs]_h_[lk-n`-e	gwe	bbde	p�e�yCy�h�c�g+[zk-h_g§nG�+[�]�`l`^vs�rh_nf��h_]_]Ë[^¨W�

y

u x1 x2

x

do j = 1, m
  x1 = y(j,i11+k)
  x2 = y(j,i12+k)
  x(j,i21+k) = x1 + x2
  x(j,i22+k) = u*(x1 - x2)
end do



S

vsb|[zyCy�h_g½e	{�{�h_gih_nGpmb[r]�e	nGh�`^gTy�`^{�e	g\e	bbde	p©��h_nG��[ze	~��½e	bbde	p©h_n�kz[^v�[^gTk�y�`^gT�z��g
c�[^g+[rb=e	]_��kzqs[-n`¦n��i[

max
`^vs[rb=e	nGh�`rg¥h_gixt`r]_xf[lk�h_g¥nG�+[¦~ ��e	h_g¥bq�]_[^�znG�+[�e	{�{�hHg+h_nGp

b[r]�e	nGh�`^g«h�ysn`z`¿~F`ruwvs]_[^¨�n`¿�l[P[r¨Wvsb[lyCy�[zk�[r¨Wvs]_h_~�h_nG]_pT#	�C��g«vsb=e	~�n�h_~�[^��nG�+[e	{�{�hHg+h_nGp
b[r]�e	nGh�`^gÖ`^{�nG[rgÃ~Fe	gä�l[�[^¨Wvsb|[zyCy�[zk»[r¨Wvs]_h_~�h_nG]_p\`rb¦~We	gÃ�l[»e	vsvsbd`^¨Wh_u}e	nG[lkm�fp\e
y�h_uwvs]_[�[r¨Wvs]_h_~�h_nsb[r]�e	nGh�`^gT�=µ*`^b�[^¨+e	uwvs]_[r�Ëh_{�e	bb=e	p�h_gTkzh_~�[lyÄe	b[�]_h_gi[le	ba{�q�gi~ nGh�`^gTy
`r{+nG�+[o]¬`l`^v�h_gTkz[r¨W�FnG�+[^g�nG�+[¤e	{�{�h_g+h_nGp�b|[^]�e	nGh�`rg�~We	g��f[£b[rvsb[ly�[^g+nG[lk¤�lpwe¡]_h_g+[le	b
u}e	vsvsh_gTc¦�l[rnG��[^[rg»e	bb=e	p�h_gTkzh_~�[lyC�=ª��+[�u}eVU�`^bh_nGp�`r{�e	{�{�h_gih_nGp�b[r]�e	nGh�`^gTyt��[�[^g+�
~F`rqsg+nG[rb[zk¤{|e	]_]zh_gin`£nG�+b[r[¿~ ]�e�y�y�[lyC�

W ù�þÿ|ûX��ÿ��Fù�þ@ö5÷H÷^øúùføúû²ñ¤ý%þ � öFû�ø��Fù��d��ª@�+h�y+nGpfvs[-`^{te	{�{�hHg+h_nGpb[^]�e	nGh�`rgTy+~Fe	g��f[�nGb=e	gTy��
]�e	nG[lk�h_g+n`�nG�+[¦e	]_h�crg+uw[rginlvsb=`rxfh�klh_g�c�~F`ruwuwqsg+h_~Fe	nGh�`rg+��{�b[r[�~F`ruwvsqsne	n�h¬`rgTyC�|��y
y��T`^��g�h_g¤µfh�crq�b[ I �^[ze	~ �¤[r]H[ruw[^g+n@`^{löokz[^v�[^gTk�yT`^gºe¿y�h_g�c�]_[Ä[r]H[ruw[^g+n@`^{=��e	gTk
ey¬h_gTc�]_[¦[^]_[ruw[^g+n¡`^{Y(��dª@�+[¦À   µ©e	]_h�c�g+uw[^g+n¡kzh_b[r~�nGh_x�[�e�yCy�[^b|ny�nG�Te	n@nG�+[zy�[¦[r]_[^�
uw[^g+ny�e	b|[ºe	]_h�c�gi[lk��F��y�b|[zy�qs]_nG�igT`�~F`^uwuwq�g+h_~Fe	nGh�`^gTy�e	b[�g+[^~�[lyCyCe	bp}°²b[lcle	bdkz�
]_[zyCy«`^{£nG�+[�klh¬y�nGb|h_�lqsn�h�`^gT·��+µ@`rbnG�+[¥nGbde	g�y�]�e	nGh�`rg�n|`¥�l[¥va`lyCy�h_�l]_[�e	n¿u}`zy�n`rg+[
y�qs�*y¬~ bh_vsni~W`^[r{�{�hH~ h_[^g+ni~Fe	g��f[kzh_{�{�[rb[rgin+{Gbd`^u[Z�\ � �'� ��]_^ �

?A@CB`D'EaG5bKJ ªWbde	g�y�]�e	nGh�`rg�`^{T`rgi[r��n`r�|`^g+[e	{RQ�g+h_nGp¤bY[^]�e	nGh�`rg�y�h_g+n`¤e	g�e	]Hh�c�g+uw[^g+n
vsb�`^x�h�kzh_gTco~F`ruwuwqsg+h_~Fe	nGh�`rg«{�bY[^[£~F`^uwv�qsne	nGh�`rg�yC�	��`rnG[¿nG�Te	ninG�+[¤e	]_h¬c�g+uw[^g+n

y¬n|e	nG[^uw[rgin+{|`^bF(�h�y�y�nGb�`rgTcr[rb�nG�+[rg�b�[z¢�qsh_b�[lk�lp � ÷ú÷dc²ö�eR(�f��

g û²þ ù�(�ø � � ÷H÷^øHùløHû²ñhNaþ � öFû�ø��Wùi�K�ª@�+[�u}`ly�nË~F`ruwu}`^g�~Fe�y�[¡��[�`^�@y�[rbx�[¡h_g�`^qsbae	vs�
vs]_h_~Fe	nGh�`rgTy�h�y§`rgi[r��n`r�G{�[r� e	{�{�h_g+h_nGp}b|[^]�e	nGh�`rg�y��l[^n���[^[rgôe	bbde	p@y«°²{�[^� u¥[le	gTy§e
{�h_¨W[zk§g+q�uw�l[^b|�Ëh_g�kl[^vs[rgTkz[^g+na`rg�nG�i[«e	bbde	p�y�h_j�[zyÄe	gTk§nG�+[�giq�uw�l[^bo`^{�]�`l`^v¥h_nG�

����&'�*������"!����f4��12*�z#%���42§�"�	0��	�"���$0 /H�j;^���:D���8	��������k�!��	���"�	0��	0��*�����:DE�����C��8	DE�=���"!�<=!�DE����#%!����	0���0�/1/_0��
!�#F0�8ml=�	�62*!��"�*0��*������Da���	�	��8�0��	���'�	��/r0�/1/_0���!�#F(=n=3'����Da0 �����"���
2���
=�	�l#%���	�'01oi��8	�"���z)
p=&q.�(§<=!�/_�:���"!�BC�6rts"�54"u'$10=�����1v1w�0������ 2*#��'���=#%�z��������0���!����*<=� DaDE!���#F!��*0���!����
#%�x;r#%��/1!y0 �	��!�#G�C0���<�!����"������/r�Vox0 /1��#%#%!�����#���8	0���!����*<=�=DEDa!���#F!��*0���!����*#%�x;r#%��/1!y0 �"�

!HPF$ ALIGN A(i) WITH B(i+3)
!HPF$ ALIGN B(j) WITH C(5*(n-j)-4)
!HPF$ DISTRIBUTE C(BLOCK)
      do i=1,n
        b(n-i)=c(5*i-4)
        a(i-1)=b(i+2)
      end do
c     Aff(a,c)={(i-1;5*j-4), j=max{J:J<=i,n-J=i+2}}
c or  Aff(a,c)={(i-1;5*j-4), j=max{J:n-2<=2*i,J=n-i-2}}
c or  Aff(a,c)={(i-1;5*n-5*i-14), n-2<=2*i}



Ñ

[^bde	nGh�`^gTyC·��Cè@¨Wvs]_hH~ h_ntkzh_{�{�[rb[rgi~ [�`rvs[^bde	n`^bdys{|`^b�y�nGbq�~�nGq�b[zk�kzh�y�~�b|[^nGh_j�e	nGh�`rg�c�bh�k�y��
{|`^bo[^¨+e	uwvs]_[^�Ec�h_x�[§bh�y�[§n|`wy�qs~��»b[r]�e	nGh�`^gTyC�Ëª��+[ly¬[«b[r]¬e	n�h�`^gTyÄ~Fe	gm�f[we	vsvsbd`^¨Wh_�
u}e	nG[lk��fp»e�y¬nG[rg+~�h_]ae	g�k���[�~We	]H]snG�+[^u y�nG[^g+~�h_]sb[r]�e	nGh�`^gTyC�rª¡`�`rvsnGh_uwh_j�[�e	]_h¬c�g+�
uw[^g+ni{|`^b�e�y¬n�[^g+~�h_]zb[^]�e	nGh�`rg«��[¿gT`^n�[Pn���e	ni{|`^b��f]�`^~��¥kzh�y�nGbh_�fqsnGh�`^g�nG�+[¿uw[zyCyCe�c�[
y�h_j�[¡vs[^bsvae	b|nGh_nGh�`^g�v�`^h_g+n.h¬y�nG�+[�y¬q�uë`r{skzh�y�ne	g+~�[ly*`r{.nG�+[�e	]_h�c�giuw[rg+nËva`rh_g+nË{�bd`^u
nG�+[�`^nG�+[rbEy�nG[^g+~ h_]�va`^h_g+ny��Wy�[^[¡µfh�crq�b[ J �Yª�`¡uwh_g+h_uwh_j�[�nG�+[¡uw[zyCyCe�c�[oy�h_j�[¡��[�q�y�[
�dø��þ�(�ûX�Fýz�acúva`rh_g+ny*y�vs]_h_nGnGh_gTc�y�nG[rg+~�h_]�va`rh_gin|yfh_g+n`¡nG��`�y�[rny*`r{.[z¢�qae	]fy�h_j�[l·.e�yte	]_h¬c�g+�
uw[^g+nÄva`rhHg+nyC� ¼ `^�*{|`^b�y�nG[rg+~�h_]¿e	{�{�h_g+h_nGp»b[r]�e	nGh�`^gTy��*��[mc�[^g+[^bde	nG[me	]_h�crg+uw[rgin¦e�y
�lh�y�[r~�n`rb=yt`r{znG�+[�e	{�{�hHg+h_nGp¦va`rh_g+ny�h_gnG�+[�e	]_h�crg+[r[z���~�pf~�]_h_~¿kzh�y�nGbh_�fqsnGh�`^g¤{|`^b�y�nG[^g+�
~�h_]@e	{�{�h_g+h_nGp§b[^]�e	n�h¬`rgTy@��`^q�]�k¤~�b|[ze	nG[�e	g�`rb=kl[^b¿`^{�u}e�c�g+h_nGqakz[ou}`^b|[£~F`ruwuwqsg+h_�
~Fe	nGh�`rgTy�nG�Te	g«�f]�`^~��¥kzh�y�nGb|h_�lqsn�h¬`rg�e	gTkh�y�gT`^ni~W`^gTy�h�kz[rb[zkºe�y�e¡x*e	]_h�kº`^vsnGh�`rgT�

?A@CB!DFEHG!{KJ ª@�+[�u¥[lyCyCe�cr[-y�h_j�[�vs[^b*vae	b|nGh_nGh�`^g�va`rh_g+nlh�yTy�qsu×`^{*klh�y�ne	g+~�[zyE`^{fnG�+[
e	]_h�c�g+uw[^g+niva`rh_gin+{Gb `^uÚnG�+[¤`^nG�+[rb�y�nG[^g+~ hH]zv�`^h_g+nyC�

��ý,+�þ}|�þ,��þ ù�|�þ=ù6(�þK�Ë��{anG�+[rb[§h�y�e�kzh_b[r~�nG[lk¥v�e	nG�mh_gm�-ª@êÆ���+hH~ �¾y�ne	bn|y�e	gTk
[^gTk@yÄh_g»n��i[�yCe	uw[«gT`lkz[^�snG�+[^gÔnG�+[^b|[«h�y¦e�kz[^v�[^gTkz[rg+~�[«~Fe	b|bh_[zk��fp�nG�+[«]�`z`rva�
ª@�ih�y¡vae	nG��e	]_]�`r��y�q�y¡n`¤h_nG[rb=e	nG[�nG�+[¤~��Te	h_g©bq�]H[l�F��y�e�b[ly�qs]_nG�i[le	~���e	bb=e	pw[r]_[^�
uw[^g+nTkz[rvs[^gTk@y�`rg�uwq�]_nGh_vs]_[£[^]_[ruw[^g+ny¡`^{�nG�+[¤yCe	uw[¤e	b|b=e	p*��ª��+[^b|[¤e	b[onG��`£h_uw�
va`rbne	g+n�~Fe�y�[zy%�CnG�+[-kl[^vs[rgTkz[^g+~ [Ph¬yaæ	nGbq�[zç����+[^g§vsb|[^x�h�`rqay�]_p~F`ruwvsqsnG[lk�e	bb=e	p
[^]_[ruw[^g+ny¿e	b[�qay�[zk©e	gTkmæ�e	ginGh�ç£���+[^g}e£qay�[lk©e	bbde	p�[r]_[^uw[rgin*h�y¿`^x�[rb��bh_n�nG[^g+�
Í �	I Ï��ª��+[�e	g+nGh�kz[rvs[^gTkl[^g+~�[¡~We	g��f[¡b[ru}`^x�[lk�{�b=`^u¸nG�+[¡]�`l`^v��fp�u}e	�fh_gTc�e	g[^¨W�
nGbdeP~F`^v�p©`^{@nG�+[�e	bbde	p*�d��{@nG�+[¦nGb|qs[�kz[^v�[^gTkz[rgi~ [��Te�y�e¿~F`^gTy�ne	g+n�y�nG[rv�|¤nG�i[rgÔe

~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
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� � � � � � � � � � � � � �
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~�pf~�]_h_~mkzh�y�nGb|h_�lqsnGh�`rg¹`^g+n`�|mvsbd`^~�[lyCyC`^b=y¦��`rqs]�k}~�b|[ze	nG[w~W`^uwuwqsg+h_~We	nGh�`^g�{�b[r[
~F`ruwvsqsne	nGh�`rgTyC�

�+L
	PR�R����äâ
�ËO��Þ+OYÞ��©ãXÝ�NPßÖâ+NPO¡Þ+N�S�äX,�WOQ Xz�-UPOYXRTN
��{�e	b|b=e	p*ytb[r{�[^b|[^g+~�[lk«hHgÔe�]�`l`^v¥g+[ly�ns�Te	x�[�u}`^b|[�n���e	gÔ`^g+[«kzh_uw[rgTy¬h�`rg»° J

e	gTk�Î-klhHuw[rgTy�h�`^gTe	]�e	bbde	p@yte	b|[¡u}`ly�n.~F`ruwu}`^g{|`^b�y�nGbq�~�nGqsb|[zk«crb|h�k�³�µf��·^nG�+[^g
��[�uwq�y¬ns~F`rgTy�h�kz[^b£e	]_]�]�`z`rvay�y�q�bb=`rqsgTkzh_gTc¦~F`^uwvsq�ne	nGh�`^gTyt��h_nG��nG�+[§e	b|b=e	p*y*n|`
`r�lne	h_g�~F`^uwv�]H[rnG[-k�e	ne¿e	{�{�h_gih_n�p@����g¤³�µf�Âe	vsvs]_h_~Fe	nGh�`rgTy��d]�`l`^v«h_gTkl[^¨o�@`rqsgTk�yTe	b|[
qay�q�e	]_]Hp�]_h_g+[le	b+{�q�gi~ nGh�`^gTy@`r{ËnG�+[oy�qsbbd`^q�g�klh_gTc¡]¬`l`^v¤h_gTkzh_~�[ly����+[^g+~�[�nG�+[�g+[zy�nWh_g+�
kz[r¨�k�`ru}e	hHg�~We	g«�f[kl[zy�~�b|h_�l[zkºe�y�e�y¬[rn�`r{+hHg+nG[lc�[^b�v�`^h_g+ny�h_g�e¡va`^]_pf�+[zklb=`^g=#	�

�$��þF(*��öFøúù�ý,+ � þT{|`^b�]�`l`^v�gi[ly�ny�h�y�y¬h_uwh_]�e	bTn``rg+[¿{|`rb�]�`z`rvay%�

      do 10 I from PI
        b(idxb1(I))=c(idxc(I))
        a(idxa(I))=b(idxb2(I))
10    continue
  Aff(a,c)={(idxa(I);idxc(J)),
              J=max{j: j<=I,idxb1(j)=idxb2(I)}}(*)

���+[^bY[¿nG�+[
max

`^vs[rb=e	nGh�`rg�e	g�k¤h_gi[l¢�qae	]_h_nGp����4 ¢¡$£¥¤�e	b�[¿v�[^b{|`rbuw[lkh_g�nG�+[¿]_[r¨Wh_�
~F`lc�b=e	vs�+h_~Fe	]i`^b�kl[^b�h_uwva`ly�[zk��fp¦nG�+[�g+[ly¬nzh_gTkzh_~�[lyC�|µ@`rb�y�ne	nG[^uw[rg+nyi��hHn���klhH{%{�[rb�
[^g+nig+[ly�nGh_gTc£nG�+[£~��Te	h_g�bYqs]_[£h�y�y¬h_uwh_]�e	b/�

      do 10 I from PI
        do 20 J from PJ
          b(idxb1(I,J))=c(idxc(I,J))
20      continue
        do 30 K from PK
          a(idxa(I,K))=b(idxb2(I,K))

���6¦��$2*!����|� #G�.Da� ���'!�<=!�Da���	#%!����	0��|!��	<=!�����#%$:8'� �����"!�����#�0��	<�<=��DE0�!��	#�!��@�'�	!�#�#%�����'!����	��&'�%2*!����|Da01k��0 /1��#%���	�'0��"!�����DE��/1�Ë����Da0 0�����0��	<*�"���Ë0��	0��������§;r���t2*�����s����� 0 #r0��	<*�	��#G�"#rDE��/_�Ë�"/10��	#z0 0�/_�����"�¬;���/=�Co0�DE30 ����$�!��	#%�"�:0�<���8
      do i=1,nx
        do j=1,ny(i)
          do k=1,nz(i,j)
            a(idxa1(i,j,k),idxa2(i,j,k),idxa3(i,j,k))=
                   b(idxb1(i,j,k),idxb2(i,j,k),idxb3(i,j,k))
          end do
        end do
      end do

2*�62*!����42*/_!��"�
      do 10 I from PI
        a(idxa(I))=b(idxb(I))
10    continue



��¨

30      continue
10    continue

   Aff(a,c)={(idxa(I,K);idxc(L,J)),
(L,J)=max{(l,j):l<=I,idxb1(l,j)=idxb2(I,K)}}

è�¨+e	uwvs]_[l�d�$��þ©��ýz�A� � þ�ª«�5÷'(���þK(*¬FøHùi¤ûX��öWû�öFù¿þ � þKª�þ=ùlû��%÷�öFýýGö�ñ¤ø��*ö5÷H÷^øúù�þ®�¿øúûX�£öFù
þ � þKª�þ=ùlû$�%÷¡öWùi�WûX��þ ýsöFýýGö�ñ�ø��H¯�°�ÿ¥(*�AªF� � þ û²þd�=Z\[«y���`r�ÅnG�Te	nsnG�+[M&$�"� � þöFù!±£ù�ö"���öA(*¬
°�ýz�A� � þKª¾h�y¡e�y�vs[r~�h�e	]l~We�y�[�`^{�~We	]_~�qs]�e	nGh_gTc§e	{�{�h_g+h_nGp§{|`rbPe	gme	bb=e	p«[^]_[^uw[rg+n+h_g�nG�+[
e	�@`rx�[�y��T`^��g�b|[^]�e	nGh�`rgm°�²Y·�� é@[^n�g+[ly¬ns]¬`l`^v¥�@`^q�gTk�y�e	b[ ¨ e	gTk � �Wuw[le	gih_gTc�nG�Te	n
°¢£@h�yÄe��*`z`r]_[ze	g�~�q��l[z�=é@[^nT£¥¡¢c�³8eR�t�t� eR³8f@���+h_~���uw[ze	gTytnG�Te	nsnG�+[�h_g+[z¢�q�e	]_hHn�p´���  3¡$£¥¤
h�y�nGbq�[¿{|`rb�e	]_]/��{�b=`ruµ°¢£��	��g�nG�+h¬y�~We�y�[¿h_{�øy|�ï¶�K³�c��*fsh�yae	g�e	b|�lh_nGbde	bp�]_h_g+[ze	b�{|`rbu `^{
�@nG�+[^g�~We	]_~�qs]�e	nGh_gTc�nG�+[oxte	]_qs[�`r{
·sh_g©°�²·Ëh�y�e�y�vs[^~ h�e	]l~Fe�y�[�`r{�nG�+[¸&$�"� � þöFù¹±£ù�ö"��ÿ
�öA(*¬�°�ýz�A� � þKªº�@��g½vsb=e	~�n�hH~ [^���T`r��[^x�[^b|��nG�+[�g+qsuw�f[^b�`^{«e	bbde	pÕkzh_uw[^gTy�h�`^gTy�h�y
{�h_¨W[zk�°²hHn¡k�`^[ly�gT`^n�[r¨W~�[^[lk S {|`rb�³�µf�¹~F`lkz[zyC·@e	gTk«h_gTkz[r¨¤{�qsg+~�nGh�`rgTy�e	b[�]_h_g+[le	b
{�qsg+~�n�h¬`rgTyC����g�nG�+h�yi~We�y�[ÄnG�+[¦e	{�{�h_g+h_nGp�b[^]�e	n�h¬`rg�~Fe	g��l[Ä~We	]_~�qs]�e	nG[lk¦h_g�va`^]_pfgT`^uwh�e	]
nGh_uw[¿�fp�é�[^gTy�nGbde�»úy�e	]�cl`rbh_nG�+uw��y�[r[Í I�I Ï��

ª@�i[�~��Te	h_g�b|qs]_[§e	]_]�`^��ytnG�+[o~W`^gTy�nGbq�~�nGh�`rgm`^{�e	gme	{�{�h_gih_n�p«b[^]�e	n�h¬`rg�{|`rbE[le	~��
kzh_b|[^~�n�[zk�vae	nG��~W`^uwh_gTc¤n`�ö¦{�b=`ru¼�e	g�k�vae�yCy�h_gTcº`rgi]_p¥nG�+b=`^q�c���vsb|hHxte	nGh_j�e	�f]_[
e	bbde	p*y��fª@�+[�q�gih�`rgÁ`^{�nG�+[ly�[�b[r]�e	nGh�`^gTy¤`rx�[^b�e	]H]£klh_b[^~ nG[zk»vae	nG�Ty£n`�ö�{�b=`^u �
pfh_[^]�k�ytnG�+[o{�h_gTe	]*e	{�{�h_g+h_nGp«b|[^]�e	nGh�`rg��l[rnG��[^[rg�öe	g�k��^� ª@�i[�b|[^]�e	nGh�`rg�]_h�y�ny�e	]_]f[r]_[^�
uw[^g+ny�`^{3�@q�y�[zk�{|`^b�~F`ruwvsqsne	nGh�`rg�`^{lnG�+[�[^]_[^uw[rg+ns`r{.ö¿e	gTk�~Fe	g�f[�~F`^gTy�h�kz[rb[lk
e�y�`^g+[r��n`^��u}e	g+p�u}e	vsvsh_gTcl�

��g§u}`ly¬n�vsb=e	~�nGh_~We	]W~We�y�[zy��rnG�+h�y+h�yEe£`rgi[r��n`^��{�[r�Úy�nG[^g+~�h_]Ëb[r]�e	nGh�`^g+�lea�lh�y�[r~�n`rb%#
`r{ËnG�+[oy�nG[rgi~ h_]lc�h_x�[zy@e	g�`^v�nGh_u}e	]le	]_h�c�giuw[rg+n���±e	g+p�³�µf�Öy�nG[rg+~�h_]�yl�Te	x�[oe*~ [^g+nG[rb
`r{�y�pfuwuw[^n�bp����+h_~���~Fe	g��l[£qay�[zkºe�y�nG�+[e	]_h�c�giuw[rg+niva`^h_g+nG��y�[r[¿µfh�c�qsb[£Î��

���¶½ !�#%�����"��/r��8	0¶l �	!��"�l#%���	!��*�	3'<=!�Da���	#%!����	0���#R0 0����l!�#�0¶0 ��!����	#%� ���*�"��0��C��0����*������/H< !��	0��"�l�	� 0=��/¾0 ��0����
0 0�#%#%!��	���"�	/H���=���*!��V;^!�#%�����"#F�"�	�l#%���'��6�3t0 ��!��	�8pK¿-#%�"������!���#%�	�42*#F�"��0��	�	���	��BC��/1�s#%���	��0�#�0�;r!�#%�����"��/"�
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?A@CB!DFEHG�ÀKJ å�vsnGh_uwh_j�h_gTc@~F`ruwuwqsg+h_~Fe	nGh�`rg�yr�fp¡~��T`z`ly�h_g�c¡y�nG[rg+~�h_]
�lh�y�[^~ n`^bPe�y�nG�i[¤e	]_h�c�giuw[rg+niva`^h_g+n�

� � ø��ù�ª�þ=ùfû}�¿øúûX� g ñ��=û²þ�ª'���5÷ÂÁ*øúù�þYöWý'Ã6�Wýxª'����è�e	~��Õe	bb=e	p}b|[^{�[rb[^g+~ [ºh_g¾nG�+[
]�`z`rvÔg+[zy�n¿kz[r{�h_g+[zy�e¦u}e	vsvsh_gTcw`r{En��i[§g+[zy�n¿k�`ru}e	h_g©h_g+n`we	bb=e	p�h_gTkz[^¨my�vae	~�[l�
À�[^b|[¿��[£~F`rg�y�h�kl[^b�]_h_g+[le	b�u}e	vsvsh_gTcfy%�

���+[^bY[�|�e	gTk'£�e	b�[£e	bb=e	p�e	gTk¿nG�+[agi[ly�nFh_gTkzh_~�[lyzb�[zy�vs[r~�nGh_x�[^]_p � � h�y�e@u}e	nGbh_¨Ä��h_nG�
~F`rgTy�ne	gin+[^]_[^uw[rg+ny�e	gTk��Th�y�e¡x�[r~�n`^bT��h_nG��~F`rg�y�ne	g+ni[r]_[^uw[rg+nyC�

µ*`^b�]_h_g+[ze	b�h_gTkz[^¨£{�qsg+~�nGh�`rg�y��dnG�+[�e	{�{�h_g+h_nGp¦b[r]�e	nGh�`^g¤~Fe	g�l[�[r¨Wvsb[ly�y�[lk�hHg¤nG�+[
{|`^b|u«�

         Aff(x1,x2)={(A1*I+b1;A2*I+b2), I from PI}
Z\[¿�©e	gin+n`¿nGbde	gTy¬]�e	nG[£nG�+h�y�b[r]¬e	n�h�`^g�h_g+n`e	]_h�c�g+uw[^g+n�kzh_bY[^~�nGh_x�[ly�`^{+nG�+[¿{|`rbu

!HPF$ ALIGN Y1(i1,...,in) WITH
     .      Y2(m1*j1+c1,...,mn*jn+cn)
���+[^b|[¹ª¹ÄVeR�t�t� eRªOÅÄe	b|[�h_g+nG[zc�[rb�uwqs]_nGh_vs]_h_[rb=y��Æ(1ÄVeR�t�t� eR(1ÅÄe	b[Äh_g+nG[zc�[^b¡y��ih_{�ny��Æc�øtÄVeR�t�t� e%øÇÅ4f�ÿ¥È
c��1ÄVeR�t�t� e �xÅ4fih�yae£klh_uw[^gTy�h�`^g«vs[^b|uwqsne	nGh�`rgi�lõ:Ä¡e	g�k�õ:É¡e	b[�ïÊÄVe�ïÊÉ�`rbÄe	qs¨Wh_]_h�e	bp¤nG[^uw�
vs]�e	nG[lyC�

��g�e¡~F`ruwu}`^g�~Fe�y�[r�����+[rg�`rg+[¿u}e	nGb|h_¨«°�yCe	p � ³F·Wh�y�gT`^gTy�h_gTcrq�]�e	b��nG�+[¿b|[^]�e	�
nGh�`rg«u}e	p��l[£��bh_nGn�[^g�[^¨Wvs]_h_~ hHn�]Hp©�

!HPF$ ALIGN C(i,*,*) WITH A(i-1,*,*)
!HPF$ DISTRIBUTE(BLOCK,*,*)  :: A
      do k=2,nz
        do j=1,ny
          do i=1,nx
            A(i-1,j,k)=0.2*(C(i,j,k)+C(i,j-1,k)+
     >           C(i,j+1,k)+C(i,j,k-1)+C(i,j,k+1))
          end do
        end do
       end do
C Aff(A,C)={(i-1,j,k;i,j,k)
C         &(i-1,j,k;i,j-1,k)&(i-1,j,k;i,j+1,k)
C         &(i-1,j,k;i,j,k-1)&(i-1,j,k;i,j,k+1)}
C Stencil Affinity (1,0,0), (1,-1,0), (1,1,0),
C                          (1,0,-1), (1,0,1)
C with bisector (1,0,0)

d AI b+=



�	I

Aff(x1,x2)={(d1;A2A1
-1d1-A2A1

-1b1+b2),d1from A1PI+b1}(1)
��{fnG�+[�u}e	nGbh_¨ � É � Ä¥Ë Ä ~Fe	g��l[�nGb=e	gTy�{|`^b|uw[zk-n`¦e	g�h_g+nG[zc�[^b�kzh�e�cf`^gTe	]Wu}e	nGbh_¨

di-

ag
c�ªOÄVeR�t�t� eRª¹Å4f��lp¥e¡vs[rbuwqsn|e	nGh�`^g�`^{+n��i[£~F`r]_qsuwgTy���nG�+[^g«ÿ � É � Ä¥Ë Ä �8Ä8Ì3�8ÉY¡

c�(1ÄVeR�t�t� eR(1Å4fih�yEe	g§h_g+nG[zc�[^btx�[^~ n`^bÄe	gTk-nG�+[Pb�[^]�e	nGh�`rg§~Fe	g§�l[PnGb=e	gTy�]�e	nG[lk-n`�e	gwe	]_h¬c�g+�
uw[^g+n�klh_b�[^~ nGh_xf[6�

!HPF$ ALIGN x1(i1,...,in) WITH
     .      x2(m1*j1+c1,...,mn*jn+cn)         !(2)

���+[^b|[�c�øtÄVeR�t�t� e%øÇÅ4f�ÿ¥È¢c��1ÄVeR�t�t� e �xÅ4f�h�y�nG�+[¿~W`^]_qsuwg�vs[rbuwqsn|e	nGh�`^gT�
��{snG�+[£u}e	nGb|h_¨ � É � Ä¥Ë Ä ~We	g+g�`rn+�f[ob[zklqs~�[lk¤n|`¤e¦kzh�e�cf`^gTe	]l{|`rbuí�fp§vs[^b|uwqs�

ne	nGh�`rgº`^{l~F`r]_qsuwgTy��dnG�+[^gº° � ·r��`rqs]�k¦b[l¢�qsh_b[Ävsb|[zy�[^g+~ [�`r{@cr[rg+[^bde	]F]_hHg+[le	b�{|`rbu}y
h_g¥nG�+[�e	]_h�c�gÔy�q��@y�~�bh_vsn@]_h�y�n@���+h_~��¥h�yTgT`^n@vs[rbuwh_nGnG[lk�h_g¥À   µf��y¬[r[�Í � Î�Ï²�zva� ����> �
ª@�i[¿b[r]¬e	n�h�`^g�° � ·F~Fe	g+gT`^n��l[¿[^¨Wvsb|[zyCy�[zk�lpÀ   µ��é���ê��íkzh_b[r~�nGh_x�[�e	]�yC`Ph_{i�*`^nG�
� É � Ä¥Ë Ä e	gTk � Ä � É¥Ë Ä �Te	x�[-gT`^g+h_g+nG[lcr[rb�[^]_[ruw[^g+nyC�r��g}y¬q�~��}e¿~Fe�y�[-��[�~Fe	g¥]�`l`^�
{|`^baeÄy�q��lu}e	nGb|hH¨`^{ � Ä�e	gTk � Éi�Te	xfh_gTc�nG�+[¡vsbd`^vs[rbnGp*�Y��{sy�qs~���y¬q��lu}e	nGb|h_¨P[^¨Wh�y�ny��
nG�+[e	]_h�c�g+uw[^g+nih�y�vs[rb{|`rbuw[zkº`^g�nG�+[¿~W`^b|b[ly¬v�`^gTkzh_gTc�y�[^n�`r{+h_g�klh_~�[zyC�

�$��þ©�þ=ù�þ ýGöFû�øy�Fù}�5÷Tö � øy�ù6ªPþ ùfû�|�øHý%þK(�û�øÎÍ	þ,�tqay�[zy�n��i[�e	]_h�c�giuw[rg+n*c�b=e	vs�wkl[^bh_x�[lk
{�b=`ruí�-ª�ê���ª��+[ogT`zkz[ly¡`^{�nG�+[�e	]_h¬c�g+uw[^g+nTc�bde	vs�©e	b[£gT`rg�vsbh_xte	nGh_j�e	�l]_[�e	bb=e	p*y
`r{��¦ª@ê«�¡��gëe	b~�~W`^g+g+[^~ ny�n���`�gT`lkz[zy��Te	x�h_gTcÕe\klh_b[^~ nG[zkÕvae	nG�îvae�yCy¬h_gTc
nG�+b=`rqac��¥vsb|h_x*e	n�hHj�e	�f]_[�e	bb=e	p*y¿`^g+]_p@�rZ\[�e	g+gT`^ne	nG[-[le	~���e	b|~¤`r{*nG�+[�e	]_h�c�g+uw[^g+n
c�b=e	vs�©��h_nG��e�]_h�y�nP`r{T~ ]�`zy�qsb|[zy�`r{Pe	{�{�h_g+h_nGpwb[^]�e	n�h¬`rgTy�e	]�`^gTc�[le	~���y�h_uwvs]_[¤vae	nG�
~F`rg+gi[r~�nGh_gTc�nG�i[�e	bb=e	p*yÄh_gm�-ª@ê5#	�Ë�Ø~�]�`ly�qsb[�`^{oe	g¾e	{�{�h_g+h_nGp�b|[^]�e	nGh�`rg¾e	]�`rgTc�e
vae	nG��h�yTeEb[ly¬q�]_n@`^{*y�qs~ ~�[zyCy�h_x�[¦e	v�vs]_hH~We	nGh�`^g¥`r{ln��i[�~��Te	h_g�bqs]_[-e	]�`^gTc�e	b~FyT`r{fnG�+[
vae	nG�T�

µ*`^bT[le	~��©e	b~Äh_g�nG�+[¤e	]_h�c�giuw[rg+nTcrbde	vs�+����[�e	gTe	]Hpfj�[£n��i[�e	{�{�h_gih_nGp§b[r]�e	nGh�`^gTy
e	nGne	~ �i[lkºn|`¤h_n�W��{£e	]H]*b[^]�e	n�h¬`rgTy�e	b[�[r¨Wvsb[ly�y�[lk¥hHgmnG�i[�{|`rbu ° � ·ae	gTkº�Te	x�[�nG�+[
yCe	uw[�kzh_uw[^gTy�h�`^g�v�[^buwq�ne	nGh�`^g+��nG�+[^g���[��h_]_]ac�[^g+[rb=e	nG[�kzh_b|[^~�nGh_x�[�° I ·�����g�nG�+[
kzh_b|[^~�n�hHx�[r��[ze	~ �«uwqs]_nGh_vs]_h_[rbth�ysnG�+[c�b[ze	n�[zy�n�~W`^uwu}`rg�kzh_x�h�y�`rb�`^{iuwq�]_nGh_vs]_h_[^b=y�`^{
nG�+[�b[r]�e	nGh�`^gTy���nG�+[©y��+h_{�n¡h�y�e¤�lh�y�[^~�n|`^b«`^{ÄnG�+[�b|[^]�e	nGh�`rgTy�y��+h_{Gn|y�e	gTk)c�øtÄVeR�t�t� e%øÇÅ4f�ÿ¥È

�iÏ!ÐAÑ �t���Ç��� Ñ �¢�P�K�j�i�¥Ò8���¥�i�j�ÇÓd�¢�����¥��� �X�Ç�K�®�K�i� Ñ �¢�P�¥� Ñ ��� ÏjÔ �i�Ç�iÓd���ÇÓd�¥���©�Î� � �P� �Î�z�ÇÒÕ�P���t�X�ÇÖ
���Ç�Ç�1� �X�Ç�K�i���×���$�V�K�P�����Î� �Î�Ç���®�K�i� Ñ �¢�j�¥�i�����A�Ç�z�¥�1�X�¥�'��� � Ñ ��� �i� Ñ � ���1���P���t�,Ò8�Ç�ÎØHÙ�ÚÎÛ%Ü1ÝÎ� �hÑ �¥�z�
Û��Ç��� Ñ �¢�i���OÞK�¥� ��ÐAß �i�K�A�¥� Ï



�	J

c��1ÄVeR�t�t� e �xÅ4f�h�y�nG�+[¿~W`^uwu}`^g�klh_uw[^gTy�h�`^g�vs[rbuwqsne	n�h¬`rgT�
��{�nG�+[^b|[¦e	b|[¦klh_b[r~�nG[zk-vae	nG�Ty+~W`^g+g+[^~ nGh_gTc � e	g�kà&�hHg§�@`^n��¥kzh_b[r~�nGh�`rg�y��rnG�+[^g

nG�+[^b|[¡h�yty�[r]_{�e	{G{�h_g+h_nGp¦{|`^b � °�e	g�kM&@·��ª@�+[�y�[r]H{�e	{�{�h_g+h_nGp¦b[r]�e	nGh�`^g~Fe	g+gT`rn.�l[�nGb=e	gTy��
]�e	nG[lk�hHg+n`�e	]_h�c�g+uw[^g+nG��h_n��Te�yan`�f[nGb=e	gTy�]�e	nG[lk�h_gin`ºe	gÃe	bbde	pÔklh�y¬n�bh_�lq�nGh�`^gT����{
nG�+[¦kzh_uw[rg�y�h�`rg¤u}e	vsvsh_gTc�h�yigT`rnzh�kz[rg+nGh_nGpf�dnG�+[^g�nG�+[�y�[r]_{@e	{�{�h_g+h_nGp-b[r]�e	nGh�`^g�h�yin`z`
~F`ruwvs]_[^¨¦n`£�l[£�Te	g�kl]_[zk�e	gTk¤nG�+[e	bbde	p�h¬y�{�]�e�cfc�[zk�e�y�gT`rgTkzh�y�nGbh_�lq�nG[zk@�

ª@�i[my�[^]_{¦e	{�{�h_g+hHn�pmb|[^]�e	nGh�`rg�~Fe	g}�f[�h_nG[^bde	nG[zkm�lp�e	vsvs]_plh_gTc�nG�+[�~��Te	h_g}bq�]H[
e	]�`^gTc�eE~ h_b~�q�]�e	b@v�e	nG� � ÿ¥È¢&zÿ¥È � uwqs]_nGh_vs]_[�nGh_uw[zyC��ª��+h�y+~�b|[ze	nG[lyTe	{�{�h_g+hHn�p�`^{f[le	~��
[^]_[ruw[^g+n@`^{ � ��h_n��ºeTg+qsuw�l[rb@[^]_[ruw[^g+ny�`r{ � �|��gºc�[rg+[^b=e	]_�^nG�+[�h_nG[rb=e	nG[lk�e	{�{�hHg+h_nGp
h�y�n|`z`£~F`ruwvs]_[^¨�e	gTk¤nG�+[¤e	bb=e	p§h�y�e	]�yC`£{�]�e�cfcr[lkºe�y�gT`rg�klh�y�nGbh_�lq�nG[zk@�	��g�nG�+[£u}e	�
U:`rbh_nGp�`^{fvsb=e	~ nGh_~Fe	]W~Fe�y�[zy��^nG�+[¦e	{�{�h_g+h_nGp�h�y�y�h_uwvs]_[¦e	gTk¦~We	g¤�f[Äh_nG[rb=e	nG[lk¦[^¨Wvs]_h_~�h_nG]_p
e	gTk¥nGb=e	gTy�]�e	nG[zk¥h_g+n`¥e�kzh�y�nGbh_�fqsnGh�`^gmuwh_gih_uwh_j�h_gTc§~F`ruwuwqsg+h_~Fe	nGh�`rgTyC�F��yCy�q�uw[
nG�Te	ninG�+[¤y¬[r]_{Te	{�{�h_gih_nGp�b|[^]�e	nGh�`rg«~We	g��l[¿[r¨Wvsb[lyCy�[zk��h_nG��]_h_g+[ze	bT{|`^b|u}y%�

 Aff(A,A)={(I;C*I-z), I from PI}
�-vsv�]_hH~We	nGh�`^g�`r{+nG�+[¿~��Te	h_g�bq�]_[c�h_x�[zy

 Aff(A,A)={(I;C*J-z),
J=max{j: j<=I,j=C*I-z}, I,J from PI}

��nsy��T`r��yfnG�Te	n.nG�+[�e	{�{�h_g+h_nGp¦b[^]�e	n�h¬`rgh�yfxt`rh¬k�h_{3LHáz£�ÿ�âAÈ$£����gnG�+h¬y�~Fe�y�[r�=nG�+[¡b[r]�e	nGh�`^g
h�yÄe	gme	g+nGh_�|kl[^vs[rg�kl[^g+~�[«e	gTk§~Fe	g��l[�[^]_h_uwh_gTe	nG[zk§�fp«u}e	�fh_gTc«e	g�[r¨WnGb=e�~F`rvsp�`^{
� � ��{aLHáz£�ÿ�âA $£¡e	g�k�Lwh�yÄeÄgT`rg�y�h_gTc�qs]�e	bau}e	nGb|hH¨�°²nG�+h�y*v�b=`rvs[^b|nGp«h�y*g+[r~�[ly�yCe	b|p«{|`rb
kzbd`^vsvsh_gTcnG�+[

max
`rvs[^bde	nGh�`^gwh_gwnG�+[�b[r]�e	nGh�`^gT·�nG�+[rgwnG�+[-b|[^]�e	nGh�`rgw~Fe	gw�f[-{�q�b�

nG�+[^bPy�h_uwvs]_h_{�hH[lk¢�

 Aff(A,A)={(I;C*(C*I-z)-z), I,C*I-z from PI}
e	gTk{|`rb:¬Äh_nG[rb=e	nGh�`rgTys��[¿�Te	x�[

 Aff(A,A)={(I;J), J=Ck*I-(Ck-1+...+1)*z),
                         I,C-1*J+z from PI}

��g§u}`zy�nlv�b=e	~�nGh_~We	]W~Fe�y�[ly��ÊL�h�y�nG�i[�q�g+h_nlu}e	nGbh_¨§e	gTk¦nG�+[�b[r]�e	nGh�`^g§~Fe	g��f[Ä{�q�bnG�+[rb
y�h_uwvs]_h_{�h_[zk¢�

 Aff(A,A)={(I;I-k*z), I,I-(k-1)*z from PI}
��{*nG�+[^b|[�e	b[�e¿giq�uw�l[^b�`r{@~ hHb|~�q�]¬e	b¡v�e	nG��yT���+h_~��Ôy�ne	b|n�°�e	gTk�[^gTk�·f��h_nG� � e

nG�+[¿b|[^]�e	nGh�`rgTy�e	]¬`rgTconG�i[£vae	nG�Ty�~Fe	g��l[£~F`ruw�lh_g+[zk=�



� Î

Aff(A,A)={(I;I-v), v=k1*z1+...+kq*zq,
I,v-zl from PI} (3)

���+[^b|[®âiÄVeR�t�t� etâdãte	b|[¦yC`�~Fe	]_]_[zk�kz[^v�[^gTkz[rgi~ [Äx�[r~�n`^bdy��ze	gTkä³� ¢¡ �  ¢¡3å^��ª��+h�y+nGpfvs[-`^{
kz[rvs[^gTkl[^g+~�[£h�ys~W`^gTy�h�kz[rb[lkh_g�Í I Ï��

é�[rninG�+[e	{�{�h_g+h_nGp�b[r]�e	nGh�`^g�e	]�`^gTc�`rgi[£vae	nG��{�b=`ru-&¤n` � �f[

Aff(B,A) = {(I;idxa(I)), I from IP}
e	gTk�øy|�ï�öAcX£�f¥ 3¡$£��Ë�-v�vs]_h_~Fe	nGh�`^g�`r{�nG�+[§~��Te	h_g»bq�]_[§n`´c�æ8f�y��T`^��yÄnG�Te	nanG�+[�yCe	uw[
x�[^~ n`^bdyae	b|[kl[^vs[rgTkz[^g+~ [¿x�[^~ n`^bdys{|`rb�Ì¡�

   Aff(B,A) = {(I;J-v), v=k1*z1+...+kq*zq,
     v-zl and I from PI,
    J=max{j: j=idxa(I),j<=I} }=
  = {(I;idx(I)-v), v=k1*z1+...+kq*zq,
     v-zl and I from PI}

¼ qsvsv�`zy�[¦nG�+[rb[¦h�yPe�klh_u¥[rgTy�h�`^g�`^b|nG�T`zcf`^gTe	]+n`¦nG�+[�kl[^vs[rg�kl[^g+~�[-xf[r~�n`rb=y��
uw[ze	g+h_gTc�nG�Te	n�e	]_]r~W`^uwva`rg+[^g+ny*`^{.nG�+[�x�[r~�n`rb=yfh_g-n��i[�kzh_uw[^gTy�h�`rg�e	b|[�j�[rb=`z�Y�-h�y��
nGb|hH�fqsnGh�`rg�`^{�nG�+[¤`^b|nG��`lcf`^gTe	]�klh_uw[^gTy�h�`^g�b|[zy�q�]Hn|y�h_g�e�yCy�h�crg+h_gTc�`r{Te	]_]�e	{�{�h_g+[¤e	b�
b=e	p�[^]_[ruw[^g+nyfn`�n��i[�yCe	uw[�vsb=`r~�[lyCy�`rb=�Yågi]_p�h_g+nG[^b|�|e	bb=e	p�~F`ruwuwqsg+h_~Fe	nGh�`rg�yf��h_]_]
�l[�g+[^~�[lyCyCe	bpÔ{|`^b-nG�+[�~F`ruwvsqsne	n�h¬`rgTyC�fª��+[ly�[�~F`ruwuwqsg+h_~Fe	nGh�`rgTy¿~We	gÃ�l[m`rvsnGh_�
uwh_j�[zk¤��h_nG��e	vsvsb=`rvsbh�e	nG[¤e	]_h�crg+uw[rg+n�e�y�kzh�y�~�qayCy�[lk�e	�@`rx�[z�

��{�e	g�`rbn���`lcf`^gTe	]�kzh_uw[rgTy¬h�`rg�k�`r[zy�gT`rn.[^¨Wh�y�nG�=gT`�À   µ�kzh�y�nGb|h_�lqsnGh�`rg��`^q�]�k
vsqsn@e	]_]ie	{G{�h_g+[Ä[^]_[ruw[^g+ny�`^{ � `rgin`ÄnG�+[�yCe	uw[Ävsb=`r~�[ly�yC`rb�e	gTk�[rx�[^b|p¦À   µ�kzh�y�nGbh_�
�lq�nGh�`^g}`^{ � ��`^q�]�k��Te	x�[�kz[rvs[^gTkl[^g+~�[lyT�l[rnG��[r[^g�klh�y¬n�bh_�lq�nG[zk©y�[^~ nGh�`^gTyP`r{ � �
��g«nG�ih�y�~We�y�[^�rnG�+[�c�[^g+[^bde	nGh�`^gw`r{�À   µ�klhHb|[^~ nGh_xf[lyEy��T`^qs]�k�ne	�f[�h_g+n`�e	~�~W`^qsg+n�nG�+[
~F`ruwvsh_]_[^b/»úyPe	�lh_]_h_nGp�n`-vsh_vs[^]_h_g+[-nG�+[¦~F`ruwvsqsn|e	nGh�`^gTyC�^��{*n��i[-~F`ruwvsh_]_[^b�h�y�e	�f]_[¦n|`
vs[rb{|`^b|uÙvsh_vs[^]_h_g+[zk«vsb=`r~�[zyCy�h_gTc«`r{�nG�+[§y�[^~�n�h¬`rgTyt��hHn��mkl[^vs[rg�kl[^g+~�[ly��ËnG�i[rg�nG�+[
kzh�y�nGb|h_�lqsnG[lk«kzh_uw[rg�y�h�`rg�y��T`rqs]�k��l[�~ �T`zy�[^g¤n`Äu¥h_g+h_uwh_j�[zy�y�[^~ nGh�`^gºkz[rvs[^gTkz[rg+~��
[zy�°²nG�+[�klh_u¥[rgTy�h�`^gÔ��h_nG��nG�i[�]_[le�y¬n¡g+qsuw�l[rb�`r{�kl[^vs[rg�kl[^g+~�[�x�[^~ n`^bdy��Te	x�hHgTc
gT`^g+j�[rb=`£~F`^uwva`rg+[^g+nyC·��

��{ËnG�+[�À   µ�~F`^uwv�hH]_[rb+h�ylgT`^n�e	�l]_[an`�vsh_vs[r]Hh_g+[�~F`^uwvsq�ne	nGh�`rg�y���nG�+[�]�`z`rvg+[zy�n
y��T`^q�]�ko�f[¡b[l`^bdkz[rb[zk�n|`¡vs[^b|{|`^b|uî~W`^uwvsq�ne	nGh�`^gTy���h_nG��h_gTkz[rvs[^gTkl[^g+nsy�qs�@y�[rns`^{
[^]_[ruw[^g+nyC����gTkzh_~�[ly�`^{�nG�+[y�q��@y�[^n|y�~Fe	g��f[¿h�kl[^g+nGh_{�h_[zk¤�lp�[l¢�qae	nGh�`rgç�¢áz£aè~W`^gTy�nG�
���+[^b|[ � h�yðeÓnGh_uw[ x�[r~�n`rbÙ]_[ze	x�h_gTc e	]_]¶kz[rvs[^gTkz[rg+~�[zyÚhHg nG�+[ vae�y�n,�
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��g�nG�+[o~Fe�y�[����+[^gme	g©`rbnG�T`zcf`rgTe	]lx�[^~ n`^ba[^¨Wh�y�ny��F��[�c�[^g+[^bde	nG[�eÄnG[^uwvs]�e	n�[

e	gTk¾e	]_h�c�gÃ�@`rnG� � e	gTkê&»��hHn��Ãh_n�f�ëu}e	¨Wh_u}e	]a[l¢�qsh_xte	]_[^g+~�[�~�]�e�yCy¤`r{-c�b=e	vs�
gT`zkl[zyl�Te	x�h_gTc�kzh_b|[^~�n�[zkovae	nG�Tylh_g-�*`^nG��klh_b[r~�nGh�`^gTyfh�yl~Fe	]_]_[zk�æ�y�nGb=`rgTc�]Hp�~F`^g+g+[r~�nG�
[zkº~F`^uwv�`^g+[^g+nç§`r{TnG�+[�c�b=e	vs�T��ª��+[ºy�[^n�`r{�y�nGbd`^gTc�]_pº~W`^g+g+[^~ nG[zk�~W`^uwva`rg+[^g+ny
{|`^b|u}yÄe�kzh_b[r~�nG[lk�e	~�pf~�]_h_~crbde	vs�+��e	gTk«��[«e	nGne	~ �»ePnG[^uwvs]�e	nG[�n|`�[ze	~��ºgT`zkz[�`^{
nG�+[¤c�b=e	vs�T��ª@�i[�e	{�{�h_gih_n�p�b[r]�e	nGh�`^g�{|`^bE]�`z`rv�gi[ly�n+nG�+[^g�[^¨Wvsb|[zyCy�[zk¥e�y�e	]_h�c�g+uw[^g+n
`r{�[le	~��Ôe	bbde	p©`^{@nG�+[«y�nGbd`^gTc�]_p�~F`^g+g+[r~�nG[lk«~F`ruwva`^g+[rgin���hHn��ºnG�i[¦nG[ru¥v�]¬e	n�[^�se�y
y��T`^��g�h_g�µfh�crq�b[ � �

ê¦[^g+[^bde	nGh�`^gº`r{@e	]_h�c�giuw[rg+n�y�ne	nG[ruw[^g+nyi{|`rb�[le	~��¤~F`rg+g+[^~�n�[zk¦~F`^uwva`rg+[^g+n@`^{
e¿klh_b[r~�nG[zk�c�b=e	vs�§��h_nG�¥e	{�{�h_g+hHn�p�b[r]�e	nGh�`^gTyTe	nGne	~ �+[zk-n`�[^x�[rbp�e	b~�h�y+v�[^b{|`rbuw[lk
h_g�nG�+b[r[y�nG[rvayC�

•
� �	�Á~W`^uwu}`rg«n�[^uwvs]�e	nG[£h�yac�[rgi[rb=e	nG[lk{|`rb�e	]_]z]_[ze	{|y�`r{+nG�+[¿~F`ruwva`r�
g+[^g+n�	è¡e	~���]_[ze	{+h�y�~F`rg+gi[r~�nG[lkn`£nG�+[¿nG[ruwvs]�e	nG[¿��h_nG��e	bY~�e	gTk�e	vsvsb�`r�
vsb|h¬e	n�[e	{RQsg+h_nGp�b�[r]�e	nGh�`^g�e	nGne	~ �i[lkn`£nG�+[e	bY~FyC�

•
I ��¾b�`l`^nG[lk§y�vae	g+g+hHgTcÄnGb�[r[¡h�yf~W`^gTy�nGbqs~�nG[lk�{|`^b�[ze	~��~F`ruwva`^g+[rgin.��h_nG�
nG�+[¿n�[^uwvs]�e	nG[¤e�y�nG�i[£b�`l`^n�

•
J � µ*`^bT[ze	~���gT`rg«b `z`rnigT`zkl[`r{in��i[¤y�vae	g+g+h_g�conGb�[r[^��nG�+[¤e	]_h�crg+uw[rgin
kzh_bY[^~�nGh_x�[£h¬y�c�[rgi[rb=e	nG[lk{|`rb�nG�+[¤e	b�~�]_[ze�klh_gTc£{�b�`ruÚnG�+[¿gT`lkz[¿n|`¿nG�+[
b�`l`^n�°�k@e	b�f[^bPe	b�~Fy�h_g�nG�+[¿µfh�c�qsb�[ > ·
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?A@jB!D'EaG5ëKJ è@¨+e	u¥v�]_[`r{in��i[¤c�[^g+[^bde	nG[zkºkzh_b�[r~�nGh_x�[zy�{|`rb�`rgi[¤`^{+nG�+[£g+[zy�ny�`r{
��Ða³ J �

?A@CB!DFEHG5ìKJ ª@�i[¤k�e	ne¡n�b=e	gTy�{�[^b�c�bde	vs��`^{+nG�+[¿g+[ly�n�`^{+nG�+[
µfh�c�qsb�[ � �	��e	b|�¥e	b�~Fy�y��T`^�ëe�y�vae	g+g+h_gTconGb�[^[l�

!HPF$ TEMPLATE tmpl_nest_41(64,64)
!HPF$ DISTRIBUTE(BLOCK,BLOCK) :: tmpl_nest_41
!HPF$ ALIGN FR(:,:,*) WITH tmpl_nest_41(:,:)
!HPF$ ALIGN (:,:,*) WITH FR(:,:,*) :: ZX,ZY,ZZ,XX,XY,XZ,YX,YY,YZ
!HPF$ ALIGN Q(:,:,*,*) WITH FR(:,:,*)
        DO 32  K=KLOW,KUP,1
          KP1=KPLUS(K)       !K+1
          KM1=KMINUS(K)      !K-1
          DO 32  J=2,JM,1
          BZ1=ZX(J,K,L)**2+ZY(J,K,L)**2+ZZ(J,K,L)**2
          RHO=Q(J,K,L,1)*Q(J,K,L,6)
          U=XT+(XX(J,K,L)*Q(J,K,L,2)+XY(J,K,L)*Q(J,K,L,3)+XZ(J,K,L)*Q(J
     +    ,K,L,4))/Q(J,K,L,1)
          V=YT+(YX(J,K,L)*Q(J,K,L,2)+YY(J,K,L)*Q(J,K,L,3)+YZ(J,K,L)*Q(J
     +    ,K,L,4))/Q(J,K,L,1)
          S1=-RHO*ZX(J,K,L)*(U*(Q(J+1,K,L,2)/Q(J+1,K,L,1)-Q(J-1,K,L,2)/
     +    Q(J-1,K,L,1))*0.5+V*(Q(J,KP1,L,2)/Q(J,KP1,L,1)-Q(J,KM1,L,2)/Q
     +    (J,KM1,L,1))*0.5)
          S2=-RHO*ZY(J,K,L)*(U*(Q(J+1,K,L,3)/Q(J+1,K,L,1)-Q(J-1,K,L,3)/
     +    Q(J-1,K,L,1))*0.5+V*(Q(J,KP1,L,3)/Q(J,KP1,L,1)-Q(J,KM1,L,3)/Q
     +    (J,KM1,L,1))*0.5)
          S3=-RHO*ZZ(J,K,L)*(U*(Q(J+1,K,L,4)/Q(J+1,K,L,1)-Q(J-1,K,L,4)/
     +    Q(J-1,K,L,1))*0.5+V*(Q(J,KP1,L,4)/Q(J,KP1,L,1)-Q(J,KM1,L,4)/Q
     +    (J,KM1,L,1))*0.5)
          R1=S1+S2+S3
          FR(J,K,L)=(-2.*R1/BZ1+4.*FR(J,K,L1)-FR(J,K,L2))/3.
32        CONTINUE
        CONTINUE
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µ*`^b¿k�e	ne¦kzh�y�nGbh_�fqsnGh�`rg©`^g�nG�+[�y�qs�fb=`rqsnGh_g+[o]_[^x�[^]_�W��[£�fqsh_]�k¥eY����ö"�þ'(*�Fùfû�ýR� �

÷ � �A�´�ý%ö"���¤°   ³�µfê«·fÍ �8� Ï���ª��+[¦c�bde	vs�¤gT`lkz[ly�e	b|[Ä]�`z`rv«g+[zy�ny+�Te	x�h_g�c�e	nl]_[ze�y�n@`rg+[
gT`^g+vsb|h_x*e	n�hHj�e	�f]_[¤e	bbde	pw°ü{|`r]_]�`^��h_gTc§Í �8� ÏË��[¤y��fh_v�n��i[o]�`z`rvay¡°²qay�qae	]_]_p§h_nG[^bde	nGh�`^g
]�`z`rvayC·���h_nG��nG�+[Äh_gTkz[^¨ogT`rnlqay�[zk�e�yTe	g¥e	bbde	p-h_gTkz[r¨+·���ª���`�]�`z`rv«gi[ly�nyTe	b[Ä~W`^g+�
g+[^~ nG[zk£�fp�e	g�e	b~�h_{Wn��i[rb[�h�y�e*va`lyCy¬h_�f]_[anGbde	g�y�h_nGh�`rg-{Gbd`^u´nG�+[a]�e�y�nWÌ@Ìº`^{�`rg+[a]�`z`rv
g+[zy�n.n`¡n��i[�{�h_b=y�n.Ì�Ìw`r{se	gT`rnG�+[^bs]�`l`^v�g+[ly¬n|�Yê¦h_x�[^g�e	g�e	]_h�c�g+uw[^g+nsc�b=e	vs��e	g�k�nG�+[
�-é@��ê¦�¶e	gTk��-� ¼ ª@Ða��Ì@�-ª@è©kzh_b|[^~�n�hHx�[lyE°²u}e	vsvsh_gTckzh_b[r~�nGh_x�[zyC·�{|`rb*[le	~��§g+[zy�nt`^{
  ³Pµlê¦�.h�yTh_n�va`lyCy¬h_�f]_[¦n`¦~F`^uw�fh_g+[¦nG�+[�kzh_b[r~�nGh_x�[zy�{|`rb�ePvae	h_b�`r{¡e�kiU:e	~�[^g+n@g+[zy�ny
h_g   ³�µfêàð

��g¥y�h_uwvs]_[Ä~Fe�y�[zyT°²h_{@e	]_h�c�g+uw[^g+nlh�yinG�+[¦yCe	uw[Äh_g¤�*`^nG��g+[zy�nyC·�nG�+[¦e	g�y���[rb@~Fe	g
�l[�`^�ln|e	h_gi[lk«�lp�~F`^uwv�e	bh_gTc�klh¬y�nGb|h_�lqsn�[zk�klhHuw[rgTy�h�`^gTy�`^{¡e	bb=e	p*y�h_g�[le	~��ºg+[zy�n�
ª@�ih�y�e	vsvsb=`le	~��+�s�T`r��[^x�[rb��k�`^[ly�gT`^n�e	]_��e	p*y���`rb�*�.��g\c�[^g+[rb=e	]_�sn��i[�e	gTy���[rb
�Te�yÄn`«�l[�`^�lne	h_g+[lkw�fpÃe	n�ne	~��+h_gTc«nG�+[�y�[^~W`^gTk}e	]_h�c�g+uw[^g+n£c�b=e	vs�»n|`§nG�+[«{�h_b=y�n
c�b=e	vs�¥e	gTk�c�[^nGn�hHgTc�eEu}e	vsvsh_gTc�{|`rb@nG�+[�~F`^uw�fh_gi[lk�c�b=e	vs�¥°²h_g�nG�+[¦yCe	uw[Ä��e	p�e�y
��[£klh�k£h_nF{|`rb+]�`l`^vg+[zy�n+c�b=e	vs�TyC·�����{Ëuw[^bdcrh_gTc¡nG�+[au}e	vsvsh_gTcoklhHb|[^~ nGh_xf[ly@k�`^[lyzgT`rn
kz[r~�b[le�y�[ÄnG�+[�giq�uw�l[rb¡`^{*klh�y¬n�bh_�lq�nG[zk�kzh_uw[^gTy�h�`^gTy��^nG�+[¦y�~F`rvs[-`^{fnG�+[Äu}e	vsvsh_gTc
~Fe	g��l[�[^¨Wvae	gTkz[lk¦n`Äh_g+~ ]Hq�kz[Ä�*`^nG��g+[zy�nyC��ånG�i[rb��h�y�[r�^nG�i[-y�[^~F`rgTk¦g+[zy�n@y��T`^q�]�k
�l[�~F`ruw�lh_g+[zko��h_nG��e	g�`rnG�+[^bEe�kdU:e	~�[rg+nWg+[zy�n����{ËnG�+[a~F`ruwu}`^g-g+qsuw�f[^bE`^{�kzh�y�nGb|h_�l�
qsnG[lk�klh_uw[^gTy�h�`^gTyoh�y ¨ �tnG�+[^gä[rh_nG�+[^b�e§b[lkzh�y�nGbh_�lq�nGh�`^gä�f[^nG��[r[^gänG�+[ºg+[zy�ny�`rb
vsh_vs[r]_hHg+[�n��i[�~W`^uwvsq�ne	nGh�`^gTy���h_nG�Âk�e	n|e��Te	x�h_g�c¾kz[rvs[^gTkz[rg+~�[��l[rnG��[r[^gÂy�[r~��
nGh�`rg�yC�^Z\[¦qay�[�e�y�h_uwvs]_[¦nGb=e�kl[^�|`r{�{@u}`zkl[^]+�l[^n���[^[rgºb[lkzh�y�nGbh_�fqsnGh�`rgÔe	gTk«v�hHv�[^�
]_h_g+h_g�cPn`�~��T`z`ly�[Ä�l[rnG��[r[^g�nG�+[zy�[¦e	]_nG[rbgTe	nGh_x�[zyC��ª@�+[Äb[lkzh�y�nGb|hH�fqsnGh�`rgº`r{*e	g¥e	bb=e	p
`r{ty�h_j�[F¯¸`^gM�ovsbd`^~�[lyCyC`^bdy�b[l¢�qsh_b|[zys~F`^uwuwq�g+hH~We	nGh�`^g�`^{¶¯-ÿ�¯ºñ_�o[r]_[^uw[rg+nyC��ª@�i[
vsh_vs[r]_hHg+[lk¤~F`ruwvsqsne	n�h¬`rg�b[l¢�qsh_b|[zy@n`£~W`^uwuwqsg+h_~We	nG[�÷dáz¯òáz��ñ_|¦[^]_[^uw[rg+ny��F���+[^b[
k�h�y�nG�+[�e	bbde	p�y�hHj�[Ph_g«nG�+[Pvsh_vs[^]_h_g+[zk�kzh_b|[^~�n�h¬`rgwe	gTk�÷Eh�y�nG�+[Pg+qsuw�l[rb�`r{�n��i[�kl[^�
vs[rg�kl[^g+~�[ox�[^~ n`^bdyC��ª@�i[o~W`zy�nT`r{�vsh_vs[r]_h_g+[¤y�ne	b|nGqsvºh�y¡e�{|e	~ n`^b¿`^{a³�Ì$��|�ñ¾¯Ø`^{snG�+[
[^¨W[r~�q�nGh�`^g-nGh_uw[Ê�Y�äu}`rb[�vsb[r~�h�y�[avs[rb{|`^b|u}e	g+~�[au}`lkz[r]^nG�Te	nWne	�f[lyzh_g+n`oe	~�~F`rqsg+n
nG�+[«vsh_vs[^]_h_g+[«�l]�`^~ �lh_gTc�{|e	~�n`rb��nG�+[�y�ne	bnGq�v½e	gTkw]�e	nG[rg+~�pä`^{�n��i[«~F`ruwuwqsg+h_~Fe	�
nGh�`rg�y¡e	gTkº`rxf[rb]�e	vsvsh_gTc§`^{�nG�+[o~F`^uwuwq�gih_~We	nGh�`^gTy@��h_nG��n��i[ovsh_vs[^]_h_g+[lk¤~F`ruwvsqs�
ne	nGh�`rgTy*e	g�k���h_]_]��l[¡h_gi~ ]_qakz[lkoh_g�nG�+[¡g+[^¨WnËb[r]_[ze�y�[�`^{znG�i[¡n`l`^]��Y�Õy�hHuwh_]�e	bsu}`zkl[^]
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h�y�qay�[lkn`¿n�b=e�kz[r�|`^{�{+b|[zkzh�y�nGb|h_�lqsnGh�`rg�e	gTk�y�[^b|h�e	]z[^¨W[^~ qsnGh�`rg�`r{Te¡g+[zy�n�
ó ï�ö§ªF� � þK� ¼ `ruw[§hHuwva`rbn|e	gina³�µl�×e	vsvs]_h_~Fe	nGh�`rg�yÄqay�[§�-�-�o°Ge	]_nG[rbgTe	nGh_x�[wkzh_�

b[r~�nGh�`rg«h_uwvs]_h_~ hHn|·iyC`r]_xf[rb=y�Í I¶¨ Ï��	�-�-�TyC`^]_x�[lysh_g«ïF����ñF��e	gTk�â=��klh_b[r~�nGh�`^gTy�y�qs~�~ [zy��
y�h_x�[^]_p*� ¼ `r]Hx�[rb�h_gäe�vae	bnGh_~�q�]�e	b-klh_b[^~ nGh�`^g��Te�yokl[^vs[rgTkz[^g+~�[ly�h_gä`rgi[ºklhHb|[^~ nGh�`^g
e	gTk¤v�b=`^�+h_�fhHn|y¡kzh�y�nGbh_�fqsnGh�`rg�h_g�nG�+h�y¡kzh_b[r~�nGh�`rg©°²h_{�vsh_vs[^]_h_g+h_gTc�h�y@gT`^nEe	x*e	h_]�e	�f]_[z·��
ª@�ih�ysuw[ze	gTy�nG�Te	n�nG�+[^b[P[r¨Wh�y�ny�gT`�y�hHgTc�]_[PÀ   µ�klh�y¬n�bh_�lq�nGh�`^g§{|`rbÄe	g§�-�-��yC`^]_x�[rb=�
¼ `r]Hx�[rb=y�h_g�ïF�¡e	gTk§ñF�¡kzh_b[r~�nGh�`rgTyt�Te	x�[¹â¤e�y�~F`ruwu}`^gÔkzh�y�nGbh_�fqsnGh�`rg»klh_u¥[rgTy�h�`^g
e	gTk�y�`r]_x�[^bdy�h_g�ñF�¡e	gTkäâ ��kzh_b[r~�nGh�`rgº�Te	xf[�ïºe�y�~F`ruwu}`^gÔklh�y�nGbh_�lq�nGh�`^g�kzh_uw[^g+�
y�h�`^gT�F��g�e	g©�-�-�£yC`^]_x�[^b|�inG�+[�b[lkzh�y�nGbh_�fqsnGh�`rg©~Fe	g©�l[¥k�`rg+[�[^h_nG�+[^b¿�l[rnG��[r[^g�ïF�
e	gTkñF�TyC`^]_x�[^bdy�`rb��f[^nG��[r[^g�ñF�Te	gTk5â �TyC`r]_xf[rb=yC�	��g�[zy�nGh_u}e	nGh�`rg�`r{+��`rb��g+[^~ [zy��
yCe	bpÁ{|`rb�b|[zklh�y¬n�bh_�lq�nGh�`^gØe	{�{�[^~ ny«nG�+[}~��T`^h_~ [½`r{ºe	vsvsbd`^vsb|h�e	nG[�b|[zklh�y¬n�bh_�lq�nGh�`^g
va`rh_gin|��Ì¡e�y¬[lk�`^g�nG�+[oe	gTe	]_p@y�h�y*`^{.nG�+[�~F`ruwuwqsg+h_~Fe	nGh�`rg-b[l¢�q�hHb|[zko{|`rb�b[lkzh�y�nGbh_�fqs�
nGh�`rgi��ïF��e	gTk-ñF��yC`r]_xf[rb=ys��[rb[¿~��T`ly�[^g«n`¿��`rb�¤��h_nG��k�e	n|eokzh�y�nGbh_�fqsnG[lk�h_g«nG�+['â �
kzh_b|[^~�n�h¬`rg�h_g��-Ða³ J ���

ª@�i[¡v�b=`rvae�cle	nGh�`rg�`r{znG�+[¡u}e	vsvsh_gTc�kzh_b|[^~�n�h_xf[ly*e	]�`rgTc�e	b|~Fy*`r{   ³�µfêäb[ly�qs]_ny
h_g±e	g+g�`rne	nGh�`rg½`r{Ä[ze	~ �±y�`rqsb|~�[©e	gTk¾y¬h_g+��`r{ÄnG�i[mc�b=e	vs�}��h_nG�}nG�+[©klh_b[r~�nGh_x�[zyC�
ª@�i[ly�[�e	g+g�`rne	nGh�`rg�y��dn`zc�[rnG�+[^b���h_nG�h_g+{|`rbu}e	nGh�`rg�`^g¤h_gÕô�`rqsn,ôznG�+b=`rqac���y�qs�fb=`rqs�
nGh_g+[e	b=c�qsuw[rginyae	gTk�`^g«n��i[y�qs�fb=`rqsnGh_g+[¿~F`^uwu}`rg«�l]�`r~��*yae	b[¿qay�[lk�{|`^b�kz[rbh_x��
h_gTcë`^{ÔnG�+[´{�h_g�e	]�b[lkzh�y�nGbh_�fqsnGh�`rg�yÁe	g�k y�qs�fb=`rqsnGh_g+[´h_g+nG[^b|{|e	~�[zyC��ª��+[´À   µ
y�ne	gTk�e	bdkb[l¢�qsh_b|[zy�e�y�qs�fb=`rqsnGh_g+[¿n|`¿vsb|[zy�[rbx�[¿nG�+[¤kzh�y�nGbh_�fqsnGh�`rg�`^{Te	bbde	p*ysx�h�y�h_�
�l]_[¡n|`�`^nG�+[rbEy�q��lb=`rqsnGh_g+[lyC�Yª¡`¡~F`ruwvs]_p���h_nG�nG�+h¬y�b[l¢�qsh_b|[^uw[rgin.��[¡vs[rb{|`rbuÙe�kz�
U1qay�nGuw[rg+n�`^{+nG�+[¤e	g+g�`rne	nGh�`rg�y%�

•
µ*`^bT[ze	~���e	b|b=e	p¥e	b�c�qsuw[rginG����[¿~��T`l`zy�[£nG�+[¿u}e	vsvsh_gTc�`^{+nG�+[¤e	bb=e	p¥e	n
`rgi[¤`^{+nG�+[¤yC`^q�b�~�[£g�`lkz[¤`^{   ³�µlê¦��h_g+~�]_qakl[¿nG�+h�y�u}e	vsvsh_gTc�°�e�ysv�b�[^�
y�~�b|hHv�nGh_xf[£u}e	vsvsh_gTcf·+e	ninG�+[y�qs�fb�`rqsnGh_g+[¿h_g+nG[rb{|e	~�[r��e	gTkb�[ru}`^x�[¿nG�+[
u}e	vsvsh_gTc�kzh_b�[r~�nGh_x�[zy�{�b�`ruÚnG�+[yC`rqsb�~�[£gT`zkl[z�

•
µ*`^bT[ze	~���]_[le	{+g�`lkz[¤`^{   ³�µfê�����[£~F`^uwv�e	b�[¿nG�+[PQsgTe	]zu}e	vsvsh_gTc�`^{
[ze	~ ��y¬q��lb�`rqsnGh_g+[¤e	b�c�qsuw[^g+ni��h_nG��nG�+[£u}e	vsvsh_gTc¤`rg�nG�+[¿]_[le	{Te	g�k
b�[ly�n`^bY[¿nG�+[¿u}e	vsv�h_g�coh_{+g+[^~ [zyCyCe	bpW�

•
µ*`^bt[ze	~ �we	bb=e	p�`rgwea~F`^uwu}`rg§�l]�`r~��qay�[lk-h_gw`^nG�+[rb�y�q��lb�`rqsnGh_g+[zy��r��[
Q�b=y�nih_gT¢�qsh_b�[¤kzh�y�nGb|h_�lqsnGh�`rg�`^{+nG�+[¤e	bb=e	p���h_nG��À   µ�u}e	vsvsh_gTcoh_gT¢�qsh_bp
{�qsg+~�n�h¬`rgTyC�	å�g�[ze	~ �«]_[le	{+gT`zkl[`r{in��i[   ³�µfê±��[¿bY[zy�n`rb�[¿nG�+[£u}e	vs�
vsh_gTcoh_{ig+[r~�[ly�yCe	b|pF�
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õ L+M NPOâ+Q��PQ RTVWâ+SPU�Q=Þ+ã��Þ+OYÞ��X,�WOYQ=Xz�-UPOYXRTN
��gmnG�+[¤~W`^gTy�h�kz[rb=e	nGh�`^gTy�e	�@`^x�[r�i��[¥e�yCy¬q�uw[zk¥nG�Te	nPy�ne	nG[ruw[^g+ny�k@`¤gT`rnTh_g+�

~�]_q�kz[y¬q��lb=`rqsnGh_g+[`^b�{�qsg+~�nGh�`rg«~Fe	]_]�yC�Cª¡`Pb|[^u}`rxf[¿nG�+h�yae�yCy�qsuwvsnGh�`rgi����[P~We	g«[^h_�
nG�+[^b¡h_g+]Hh_g+[¦nG�+[«y�qs�fb=`rqsnGh_g+[«`rb�q�y�[�À   µ©y�qs�fb=`rqsnGh_g+[�h_g+nG[rb{|e	~�[¦n`�[r¨Wvsb[lyCy�nG�+[
k�e	ne£u}e	vsvsh_gTch_g¥nG�+[�y�q��lb=`rqsnGh_g+[l�^ª@�+[-h_g+]_h_gih_gTcb[l¢�qsh_b[lyEnG�+[�yCe	uw[�e	gTe	]_p@y�h�y
e	nË[le	~���~Fe	]_]fy�ne	nG[^uw[rg+n�e	gTkou}e	p�gT`rnËb[ly�qs]_nËh_g�e	g+p�q�y�[^{�qs]fklh¬y�nGb|h_�lqsn�h�`^g�h_{.nG�+[^b|[
h�yTgT`�y�h_gTc�]_[�k�e	ne¤kzh�y�nGb|hH�fqsnGh�`rg¥h_gTy�h�kz[-nG�+[-bd`^qsn�h_gi[l�^ª@�+[-qay�[�`r{*À   µmy�qs�fb=`rqs�
nGh_g+[�h_ginG[rb{|e	~ [�]_h_uwh_nytnG�+[�[^¨Wvsb|[zyCy�h�`^g»`r{�nG�+[«k�e	ne�u}e	vsvsh_gTc¦nG�+b=`rqac���nG�+[�b=`rqs�
nGh_g+[�h_g+nG[^b|{|e	~�[z��ª��+[»k@e	ne�u}e	vsvsh_gTcfy£h_gÖy¬q��lb=`rqsnGh_g+[�uwq�y¬n�~F`ruwvs]_pÔ��h_nG�änG�+[
À   µ�b[l¢�qsh_b|[^uw[rg+n�`^{+vsb|[zy�[rbx�h_g�c�k@e	ne�kzh�y�nGbh_�fqsnGh�`^gTy��fpºe¡~We	]H]_[r[z�

��g�`^q�b*n|`z`r]H����[P�Te	x�[�q�y�[zk�nG�+[Ph_gin�[^bv�b=`^~ [zklqsb=e	]sk�e	ne£klh�y�nGbh_�lq�nGh�`^g«uw[^nG�+�
`lk�y¿kz[rxf[r]�`^vs[lk©e	nÄÍ²Ò�Ï²�@Í �	J Ï²�@Í �8� Ïte	g�kmÍ � Ò�Ï��r�-nt[ze	~��w~Fe	]_]Ey�h_nG[r�lnG�+[-h_g+nG[rbvsbd`^~ [^�
kzq�b=e	]�e	gTe	]_p@y�h�y�vsb=`rx�h�kz[zy�nG�+[�u}e	vsvsh_gTc�`r{�kzqsuwuwp�e	b=c�qsuw[rg+ny¦`rg+n`�e	~ nGqae	]
e	b=c�qsuw[rg+nyC�Eª��+h�y�u}e	vsvsh_gTcÃh�y�qay�[lk±n`±e	n�ne	~��¹nG�+[±y�qs�fb=`rqsnGh_g+[±e	]_h�c�g+uw[^g+n
c�b=e	vs�©n`¤nG�+[¤]�`z`rv»gi[ly�nPe	]Hh�c�g+uw[^g+nPc�b=e	vs��e	g�kºnGbde	gTy�{`rbu nG�+[¤u}e	vsvsh_gTc¥kl[^�
~�]�e	b|[zkwe	nay�qs�lbd`^q�nGh_g+[�h_g+nG[^b|{|e	~�[�h_g+n`�nG�+[�g+[ly¬nsu}e	vsvsh_gTcf�=��{�nG�+[�u}e	vsvsh_gTcfy�e	b|[
~F`ruwvae	nGh_�l]_[r��uw[le	gih_gTconG��e	ninG�+[¿g+qsuw�f[^b�`r{�kzh�y�nGb|h_�lqsnG[lk�kzh_uw[^gTy�h�`rg�y�{|`^b�~W`^uw�
�lh_g+[lk¤c�b=e	vs�Tylh�yz]�e	bdcr[rb+nG�Te	g ¨ ��nG�+[^g-nG�+[£y�~F`rvs[£`r{Ë�@`^nG�-u}e	vsvsh_gTcfyl~Fe	g-�l[a~W`^uw�
�lh_g+[lkz��`^n��i[rb��h�y�[¤k�e	ne¡b[lkzh�y�nGb|h_�lqsnGh�`rg�e	ni[ze	~ �«~We	]_]sy�h_nG[£��h_]_]z�l[£gi[r~�[lyCy�e	b|p*�

��g�u}e	g+p�³�µf�îvsb=`lcrbde	u}y��@y�q�~��Ãe�yE�-Ð�³ J �-�@e	bdcrq�uw[^g+ntb[lkzh_uw[rg�y�h�`rg+hHgTc
h�y¿eo~F`ruwu}`^g�~F`^gTy�nGb|qs~�n���-~ ~F`^bdkzh_gTcn`�nG�+[�À   µ»y�ne	gTk�e	b=kl�lh_g�nG�+h�yE~Fe�y�[�°�y�[r[
Í � Î�Ï²�zva� ��>	I ·²�z�*`^nG��e	~ nGqae	]Te	gTk�klqsuwuwpme	b=c�qsuw[rg+nyTuwqay�n@�f[�kl[^~�]�e	b|[zk©e�yPy�[^�
¢�q�[^g+nGh�e	]��   e�y�y�h_gTc�e	bbde	p��lp�b|[^{�[rb[^g+~ [¿n|`¿h_ny�{�h_bdy�ni[^]_[ruw[^g+n+h�y�e	]�y�`£gT`rnivs[rbuwh_nG�
nG[lk�h_g�À   µ*� ª��+[�e	vsvsbd`^vsb|h�e	nG[�e	bbde	pwy�[r~�nGh�`^g�h�y@b|[z¢�q�h_b[lk�hHgTy�nG[le�k�� ª�`o~W`^uwvs]_p
��h_nG�wnG�+h�yTÀ   µ�b|[z¢�q�h_b[ru¥[rg+nG�l��[-�Te�k�n`�b[^��bh_nG[-�fp��Te	gTk©yC`^uw[�y�qs�lbd`^q�nGh_g+[
~Fe	]_]�y¿��h_nG�}vae�yCy�h_gTcme	g±e	vsvsbd`^vsb|h�e	nG[©e	b|b=e	p�y�[^~�n�h¬`rg}h_gTy¬n�[ze�k�`r{¦e	g±e	bb=e	p»[r]_[^�
uw[^g+n�

ö L
�©U�ORTßÖÞ+OXVÂäÞ+OÞ��©ãXYÝTNPßÖâ+NPO�Þ+NPS\ÜPãYÞ+VËâ+ßÖâ+NPO�÷TRTRTã�ø,�ùú�©Ü'÷ºû
ª@�i[�k�e	neÄe	]_h�crg+uw[rgin�e	gTk�klh�y¬n�bh_�lq�nGh�`^g�nG[^~ �ig+h�¢�q�[zy*kz[ly¬~ bh_�l[lkoh_g-v�b[^x�h�`rqay
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y�[^~ nGh�`^gTy���e	x�[«�f[^[rg»h_uwvs]_[^uw[rg+nG[zk�h_gÔ�-�-�   ª��.ª��+[«n|`z`r]th�y���bh_nGnG[rg»h_gÔ³º\3\
e	gTk�h�yi�*e�y�[zk�`^gºeE{�[^�Øy�ne	gTk@e	b=k¦³º\3\�~�]�e�yCy�[ly�y�qs~��ºe�y+é�h�y�nG�   `rh_g+nG�/ü¿[^~�n|`^b¡e	gTk
�±e	nGbh_¨+� ¼ `ruw[�e�kzxte	g+~�[lk«~ ]¬e�yCy�[ly�y�qs~ �Ôe�y   `^]_pfgT`^uwh�e	]�°�y�pfuw�@`r]_h_~£va`^]_pfgT`^uwh_�
e	]�·²� ¼ é@µ@`rbu °�y�p*y�nG[^u `^{T]_h_g+[ze	bP{|`rbu}yC·Te	gTkº�¦ê¦b=e	v��ä°²�«� ¼ �-h_b[r~�nG[zkºê¦b=e	vs�
~�]�e�yCyC·��Te	x�[P�l[r[^g§h_uwvs]_[ruw[^g+nG[lk�e	g�k���h�kz[r]_pqay�[lk�hHg«nG�+[�n|`z`r]���ª@�i[P�fqsb=kl[^g�`^{
µfå�Ðaª@Ða�-�áv�b=`zc�bde	u¯vae	b=y�h_gTc��Te	gTe	]_p*y�h¬y¦e	gTk¥~W`zkz[wc�[^g+[rb=e	nGh�`rgmh�y�vs]�e	~�[lk}`^g
³��   ª�`l`r]¬y�Í ��� Ï��

³��   ª�`l`r]¬y�°²³-`^uwv�qsnG[^b¿�-h�kz[lk   e	b=e	]_]_[r]_h�yCe	nGh�`^g�ª¡`l`^]�yC·+�Te	x�[¤�f[^[rgäkz[rx�[^]_�
`rvs[zk¥h_gm�-g+h_x�[^bdy�h_nGp}`r{aê�b|[^[rg+��h_~��+�+�ºý¶Í ��� Ï��W³��   ª�`l`^]�y�kl[^u}`^gTy�nGbde	nG[zkwnG�+[
e	�lh_]_h_nGp�n`Ävae	b=y�[r�.e	gTe	]_pfj�[¦e	gTk¦vae	b=e	]_]_[^]_h_j�[¦eEg+qsuw�l[rb¡`^{f³�µf�¹e	vsvs]_h_~Fe	n�h¬`rgTy��dh_g+�
~�]_q�kzh_gTc-�   Ì�e	gTk��-Ða³ J ���^��y�e¿b|[zy�qs]_n¡`r{�e	gÔe�c�b|[^[^uw[rg+n@�l[rnG��[^[rg¥nG�+[¦�-g+h_�
x�[^bdy�hHn�p�`r{�ê�b|[^[rg+��h_~��½e	gTk���� ¼ �í�-uw[zyPÐa[ly�[ze	b|~���³�[^g+nG[rb��nG�+[�³��   ª�`l`^]�y
c�b=`rqsv�vsbd`^x�h�kz[lk   e	bde	]_]_[^]Ëª¡`z`r]�yTc�bd`^qsv©e	nf�«� ¼ ��h_nG�we	g§�   ����ª��+h�y�h_g+~�]_qakl[zyEe
kz[ly�~�bh_vsn�h¬`rg½`r{�h_g+nG[rbgTe	]¿k�e	neºy�nGbqs~ nGqsb|[zy¿qay�[zk©�fpm³��   ª�`l`^]�y��@h_g+nG[^b|g�e	]Evsbd`^�
c�b=e	u¯b|[^vsb|[zy�[^g+ne	n�h¬`rg¾°�e	vsvs]_h_~Fe	nGh�`rg¾k�e	ne¦�*e�y¬[l·²�Te¦g+qsuw�f[^b¤`^{aqsnGh_]_h_nGh_[ly�e	gTk�e
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ª@�i[�~W`^uwvs]_[r¨Fh_n�p�`^{lvsb=`r~�[zyCy�h_gTc¦eTgi[ly�n.��h_n���ù-e	bbde	p@yih�y W c�ùÆþVf@e	gTk�h�ytk@`^uwh_gTe	nG�
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ADAPT (A) versus Manual (M) HPF Data Distribution for

Scientific Codes. [+ uses the feature, - does not use the feature, *

depends on compiler support, ✓ automaticly generated]
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ADAPT Performance

µfh_g�e	]_]_p«��[o�Te	x�[§e	vsvs]_h_[lk¥yC`ruw[���e	gTk§[zklh_nGh_gTc�n`�nG�+[�~F`zkl[§cr[rg+[^bde	nG[zk§�lp
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h_~mklh�y¬n�bh_�lq�nGh�`^g�~Fe	g�gT`rn£�l[�h_uwvsb=`rx�[zkÃ�lpä{�qsb|nG�+[^b¥kz[^~W`^uwva`ly�h_nGh�`^gT��ª@�i[rg¹e
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³   é�è�E£�Wª@�+[§n`z`r]*��e�y�e	�f]_[�n`wc�[^g+[rb=e	nG[we	]_h�c�giuw[rg+n¿e	gTk}kzh�y�nGbh_�lq�nGh�`^g¾y�ne	n�[^�
uw[^g+ny�{|`rb����¦���f[^bg+[r]�e	gTkè�b|]H[r�@e	~ �i[rb�e	gTkª¡`ruw~Fe	nGx§�l[rgi~ �+u�e	b|�*y��

L � °��$��� � �ÄÍ > Ï²�fÍ ��� Ï²�fÍ �	I Ï���³��   ª�`l`r]¬ys�Te�yEe	gwe	�lh_]_h_nGpn`�e	vsvs]_p¤�l]�`^~ �l��~�pf~�]_h_~
e	gTk��f]�`^~��©ôz~�pf~�]_h_~�klh�y�nGbh_�lq�nGh�`^gTy�n`�k�e	ne�kl[^{�h_g+[zkä`^g\y�nGb|qs~�n�qsb[lkÃÍ > Ï¡e	gTkä`^g
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